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ABSTRACT

This report provides an independent assessment of the risk of red oil excursions (ROEs) at the
proposed mixed-oxide (MOX) -fuel fabrication. facility (MFFF) under construction at the
U.S. Department of Energy’'s Savannah River site in South Carolina. The assessment is based
on a review of the license application and the Integrated Safety Analysis (ISA) Summary
submitted by the applicant under the requirements of 10 CFR 70. The goal of this report is to
convey technical information and insights to NRC staff who are undertaking a review of the
application submitted in support of an operating license. A qualitative evaluation of factors that
could potentially affect ROEs is carried out in the context of the applicant’s safety strategies to
determine which processes are at higher risk for a ROE. The qualitative discussion is
suppiemented by a quantitative probabilistic risk assessment (P%) of ROEs in various process
units of the facility. Based on this limited analysis, which l;;eorporates a large amount of
uncertalnty, the main contributors to ROE are identifi ed anq d c&s;ssed While the results of the
%suggest that the facility is
E, in qualitative terms,

may be assessed to be highly uniikely.
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EXECUTIVE SUMMARY

This study is an independent analysis of issues related to the risk of red oil excursions (ROEs)
in the proposed MOX Facility (MFFF) under construction at the U. S. Department of Energy’s
Savannah River site in South Carolina. . The assessment is based on a review of the license
application and the Integrated Safety Analysis (ISA) Summary submitied by the applicant under
the requirements of 10 CFR 70. The results and insights of this study could be useful to NRC
staff during reviews of the MFFF License Application (LA). it is clearly understood that these
results and insights related to the risk of ROEs are only meant to convey additional information
and an independent perspective on risk to the NRC staff. They are not meant in any way to
serve as the basis for any determinations related to facility licensing that are made under the
requirements of 10 CFR 70. '

* The MFFF will manufacture mixed oxide (MOX) fuel consisti f plutonium dioxide, extracted

from . surplus weapons-grade plutonium, and ‘depleted ufanium: |ox1de a byproduct of the
uranium enrichment process. In the technology used W the pi ss, a reaction can occur
known as a ROE, which is an explosive, runaway nit n-oxidationgreaction when the organic

centratz%% “nitric acid under certain
cesses similar to MFFF, in the past,
n overview of the chemistry and
uch events in'the MFFF.

solvent, tri-butyl phosphate (TBP), comes in cont
conditions. ROEs have occurred in facilities, emplo
both in the U.S. and abroad. The report pro
phenomenology of ROEs as background fq

’ ssibility of red oil events proposed by
1 mmary is discussed in the study. It consists
parate phase solvent (TBP) from acid bearing

evaporation. of waterﬁ& the aa
amount of TBP is é yeected to

A qualitative assessment ofithe factors that could influence the possibility of ROE has been
carried out for the various process units comprising the Aqueous Polishing Unit, the only part of
the MFFF where organics and acid come in contact, which can give rise to red oil excursions.
Particular attention was focused on the evaporators in the acid recovery unit, the concentrates
collecting tank in the acid recovery unit, and the evaporator in the oxalic mother liquor recovery
unit. There is a possibility of some TBP accumulation in these units and since the evaporators
are heated and contain concentrated acid, there is a higher possibility of a ROE than in other
vessels and units where the environment and temperatures do not favor a ROE.

The qualitative discussion is supplemented by a quantitative probabilistic risk assessment
(PRA) of ROEs in various process units of the facility. The PRA is a “limited-scope” analysis; it
considers internal process deviations that could, due to equipment failures or human errors,
potentially violate the success criteria of the applicant’s safety strategies and eventually lead to
a ROE. External hazards, such as seismic events, or internal fires were not considered as they
would have greatly enlarged the scope of the study. Fault trees and event trees for the systems

Ofﬁ(lial Uge Orﬁy
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and processes considered were constructed and quantified using NRC's SAPHIRE code based
on the very limited data available for equipment failures and potential human errors in fuel cycle
facilities. Based on this limited analysis, which incorporates a large amount of uncertainty, the -
main contributors to ROE are as follows:. common cause failures in the venting system and
operator failure to flush the system on schedule in the first evaporator of the acid recovery unit;
common cause failures in the venting system and failure of operators {o recognize low level
alarms in the concentrates collecting tank of the acid recovery unit; and operational failures of
.the slab settler, sampling failures, and failure of air lift to stop process solution transfers leading
eventually to ROE in the evaporator of the oxalic mother liquor recovery unit. These
contributors arise from accident scenarios that mainly involve failures of the evaporative cooling
‘strategy. Failures of the TBP prevention strategy that could arise from failures of density
instrumentation and controls were also analyzed; their contribution to ROE is much lower since
they involve failures of multipie barriers. The PRA provides information that is expected to be
useful to the staff in their review of the license application.

idered as risk-informing the
as of higher risk significance.
aking. However, while the

’%gry, in view of the very
el cycledacilities, they do suggest
events, and the risk of a ROE, in

The analysis performed using PRA techniques can be @6
qualitative analyses to assist NRC staff focus attention of
Hence, the risk analysis methods support risk-informed _
results of the risk assessment of ROEs should be g@@ﬁsﬂdered pre
limited data available on equipment and human rg&%@tgﬂ% ing
that the facility is designed fairly robustly to w1thsta&3c;j{ re

G

qualitative terms, may be assessed to be highly unlike
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ABBREVIATIONS
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Off%ial \;se Or/y
Xi



Ofﬁc;,[ial 7§e (?/nly
f

KPB - Solvent Recovery Unit
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The U.S. Nuclear Regulatory Commission (NRC) is in the process of licensing a facility to
manufacture mixed oxide (MOX) fuel at the U.S. Department of Energy’'s (DOE) Savannah
River site in South Carolina. MOX fuel is a blend of plutonium dioxide and depleted uranium
dioxide that will be used as fuel in commercial nuclear power plants (NPPs). Depleted uranium
is a byproduct of the uranium enrichment process. Plutonium dioxide will be extracted from
surplus plutonium originally intended for use in nuclear weapons. The purpose of
manufacturing MOX fuel will be used in. meeting the goals of the DOE’s Surpius Plutonium
Disposition Program. Under this program, Russia. and the U.S. will reduce the inventory of
fissile material from nuclear weapons by each converting approximately 34 metric tons of
surplus weapons-grade plutonium into MOX fuel for use in commercial NPPs. Converting the
fissile material into MOX fuel and using the fuel in a commercial nuciear reactor renders the
plutonium less attractive for use in nuclear weapons.

1. INTRODUCTION

tructed, and operated safely

The responsibility for ensuring that the facility is designed
Services, LLC (MOX Services), a

resides with the license applicant: Shaw Areva MOX
contractor to DOE, whose responsibility is to design, Sbuild . operate the MOX Fuel
Fabrication Facility (MFFF). NRC's role is to prowg%y;ufﬁmen versught and regulation to
ensure that public health and safety, the commop eiefense*and secunty and the environment
remain protected. The NRC approved a Construction Au ufhorization Request. (CAR) for MFFF in
2005 and is currently in the process of reviewing tia‘, ense Application (LA) submitted in
2007. :

'NRC in undertaking a review of some of
the specific processes proposed tosbe,employe at the MOX facility. This review is focused
specifically on an independent v ‘fuqt n. of f\ . phenomenon known as a “red oil excursion
(ROE)” that can potentially oceurin s of th i;‘hemical separation processes proposed to be
employed at the MOX FFF. .8 workis meant to assist NRC reviewers assess the risk
significance of the red oi normenon. The NRC is responsible for the overall review of the LA
to ensure that the facéélh ted?wit in the envelope of the applicable regulations governing

safety contained in (t;"“%*Code ofiEederalRegulations (CFR), Title 10 Part 70 (10 CFR70).

1.1 Backgrour

The MOX facility is expected to receive plutonium feed from two sources: (1) the DOE Pit
Disassembly and Conversion Facility (PDCF) located adjacent to the MOX FFF, and (2) other
DOE sources, known as the Alternate Feedstock Source (AFS). The PDCF will disassemble
plutonium pits from weapons and convert the material to plutonium oxide for feedstock 1o the
MFFF, while a smaller amount of plutonium will come from AFS. PDCF feeds will contain
impurities, mainly gallium, americium, and high enriched uranium, while AFS feeds are
expected to contain more diverse and higher amounts of impurities [1-1]. These impurities will
be removed in a three-step process consisting of dissolution, purification and conversion before
the fuel can be used in a commercial NPP. The first step involves electrolytic silver-catalyzed -
dissolution of the plutonium dioxide powder in a nitric acid medium. The second step will be
purification of plutonium by solvent extraction. The solvent is tributyl phosphate (TBP) dissolved
in the diluent hydrogenated propylene tetramer (HPT). In the third step, the.purified plutonium
will be converted to plutonium dioxide powder using the oxalate conversion process, and
calcination. The purified plutonium dioxide will be mixed with depleted uranium dioxide to form

1-1
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the MOX powder. This powder is pressed and bonded into pellets through a heating process
called sintering. The pellets are then loaded into corrosion-resistant thin metal tubés called fuel
rods. The rods are bundied into fuel assemblies that are shipped to NPPs licensed to use MOX
fuel.

MOX fuel is not currently being produced in the U.S., but European countries have been
producing MOX fuel for more than 20 years. Their supply of plutonium, however, is from spent
nuclear fuel rather than disassembled nuclear weapons.

in September 2000, the U.S. and Russia signed an agreement to reduce their respective
stockpiles of surplus plutonium. The DOE evaluated the different strategies to dispose of this
material. Under the DOE Surplus Disposition Program, approximately 34 metric tons of surplus
weapons-grade plutonium are planned to be converted into MOX fuel to be used in commercial
NPPs.

Facilities such as the MFFF that employ chemical separatiorisytechnology to purify plutonium
are vulnerable to a hazard known as the “red oil phenomer explosive nitration-oxidation
chemical reaction which has occurred before in older f repr&%ssmg facilities. BNL earlier
carried out an analysis [1-2] of the specific hazard of ;.Es basedgem%t%he design of the facility
revealed in the CAR [1-3]. That analysis was baseg on thezlimited desrgn information available
in the CAR and included a preliminary risk assesg f systems vulnerable to the red oil

hazard.

The objective of the earlier study was to
decision making (RIDM) framework to th
_ personnel in the area of licensing i

hnicaljassistance using the risk-informed

CAR design, to provide NRC »with %@?LQE in epth information that would be useful in maklng
decisions related to the issuar

The report identified
prevention of ROEsg
relevant set point
delineated with eventi
effects analysis methodo The goal was to identify and rank the most risk significant
systems and operations in"the’'MOX facility for ROEs and obtain an approximate point estimate
of the ROE frequency based on the system design revealed in the CAR. This assisted the NRC
reviewers in determining the relative risk significance of various systems and processes. The
risk insights obtained from this work were meant to help the NRC staff involved with reviewing
the LA carry out a more risk-informed assessment of the design proposed by the applicant. In
carrying out the analysis, appropriate comparisons were made with the findings of both the CAR
and the NRC’s Final Safety Evaluation Report (SER) [1-4].

The work performed in Reference [1-2] followed the general approach outiined in the guidance
document for risk-informing the nuclear waste and materials arenas: “Risk-Informed Decision-
Making (RIDM) for Nuclear Material and Waste Applications” {1-5]. The RIDM approach has
been designed to focus NRC resources on areas commensurate with their safety, provide a
framework for using risk information, and where amenable, use risk information to provide
flexibility for making decisions and managing the workload in NRC more effectively.

: . 1-2
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In addition to providing a risk-informed perspective of the work that had already been performed
by the applicant in the CAR (and by NRC in the SER), the tools and methods developed were
expected to be useful adjuncts to the safety evaluation related to the red oil phenomenon that
would be associated with the NRC review of the Integrated Safety Analysis (ISA) Summary, and
other documents submitted by the applicant in support of the possession and use LA.

1.2  Objective of Study

The objective of the study presented in this report is to provide an independent assessment of
the risk significance of the red oil phenomenon in the MOX FFF based on the design contained
in the application submitted by the applicant for a possession and use license. The assessment
takes into account the safety strategy for dealing with the red oil phenomenon that is outlined in
the ISA Summary [1-6] submitted by the applicant along with the LA. It is stated by the
applicant that the current strategy for preventing red oil events has several differences from the
one that was adopted earlier in the CAR, which was reviewed NL in Reference [1-2]. The
risk significance of potential red oil events provides a source: dditional information expected
to be useful to NRC staff in the context of determining wheth «% e.design meets the qualitative
likelihood criteria of 10 CFR 70.61 for events that have a lgh consequence for facility workers.

1.3  Outline of Report

The remainder of this report is comprised of the followm% chapters. Chapter 2 provides a brief
- overview of the risk-informing process in tjg“‘ C of%t%eggerformance criteria established in
10 CFR 70.61 and their relation to red oil ey : 3 contains an overview of the red oil
phenomena based on a review of the liter % plicable to extraction facilities, such as the

MOX FFF. Chapter 4 reviews th fSrategie

that are susceptlble to ROEsé@nd
process unit taking into accoun
provided in the ISA Sur

including fault trees an’§§é ‘

uncertainties that impac ts presented. Appendix A provides data and assumptions and
a detailed list of the faul gl d event trees used to carry out a probabilistic risk assessment
(PRA) of the process units selected for detailed analysis. Appendix B contains a list of all the
equipment and vessels protected by the three strategies proposed by the applicant (TBP
prevention, heat transfer, and evaporative cooling) for guarding against ROEs. Finally,
Appendix C contains a detailed response by the BNL team to the comments made by Dr. Dana
Powers of the Advisory Committee on Reactor Safeguards on an earlier draft of the BNL report.

1-3
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2. RISK-INFORMED DECISION MAKING (RIDM) PROCESS
21 RIDM for Fuel Cycle Facilities

The U.S. NRC Office of Nuclear Material Safety and Safeguards (NMSS) is increasing
the use of risk insights and information (i.e., risk-informing) in the nuclear materials and
waste arenas. Risk insights and information should increase NMSS'’s efficiency and
- effectiveness in its regulatory processes: of rulemaking, licensing, inspection and
enforcement. SECY-04-0182 [2-1] and its associated Staff Requirements Memorandum
provided information and guidance on the status of risk-informing processes within
NMSS. Further guidance for RIDM was developed by NMSS in Reference [2-2], which
has recently been updated [2-3].

The essential elements of a risk-informed process are:

1. Performing a risk assessment that is suitable tc
question,

2. Obtaining or adapting relative measures 2 a
guidelines in the RIDM) in terms of the ilculated in‘the risk assessment,

3. Using a decision algorithm to hel i in terms of the outcomes of the
risk assessment. -

S, df (1) establish - the
i1 %emsnons and (2) provnde the measurement
scale for determinin \ isk that exists. Hence, risk guidelines can be used to

identifying the poteﬁh need for regulatory actions.

In the Guidance for RIDM for the Nuclear Materials and Waste Arenas [2-2], six draft
quantitative health guidelines (QHGs) are proposed. The formulation in terms of health
guidelines was done because it was desirable to have a framework that was consistent
with the reactor counterpart which was formulated in terms of the Reactor Safety Goals
in the Commission’s Safety Goal Policy Statement of 1986 [2-4]. The six draft QHGs
covering the risks of early fatality, latent cancer fatality, and severe injury for both the
public and the workers are provided in Reference [2-2], which contains a detailed
discussion of the rationaie for (and the bases underlying) the chosen values of the
various QHGs.

For fue! cycle facilities, 10 CFR 70.61 [2-5] provides regulatory requirements in terms of
performance criteria. These criteria require the applicant to anaiyze each credible event
in terms of both likelihood and consequences. The likelihood is expressed in qualitative
terms, i.e., “highly unlikely” and “unlikely”. The consequences, radiological doses, and
chemical exposures, are expressed in quantitative terms.

Ofﬁ%ial Ufe o}ﬂy
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The requirements of the performance criteria in 10 CFR 70.61 are stated as follows:

The risk of each credible high-consequence event must be limited. Engineered
controls, administrative controls, or both, shall be applied to the extent needed to
reduce the likelihood of occurrence of the event so that, upon implementation of
such controls, the event is highly unlikely or its consequences are less severe
- than those of high consequence events. High consequence events are those

internally or externally initiated events that result in:

(1) An acute worker dose of 1 Sv (100 rem) or greater total effective dose

equivalent;

(2) An acute dose of 0.25Sv (25rem) or greater total effective dose

equivalent to any individual located outside the controlled area;

(3) An intake of 30 mg or greater of uranium in soluble form by any individual
located outside the controlled area identified trsuant to paragraph (f) of

this section, or
(4) An acute chemical exposure to an indivigu
hazardous chemicals produced from I:censea
(l) Could endanger the l/fe of a wo, “‘éﬁ%r

possesses or p/ans to posses Juantities of matenal capable of such

2

unlikely or its corise
events. Intermed/at

igh consequence events that result in:

Jo) lcant shall propose appropriate

, € eontrols or both shall be appl/ed to the
n /mpYementatlon of such controls, the event is
ss than those of intermediate consequence
events are those internally or externally

(3) A 24-hou averaged release of radioactive material outside the restricted
area in concentrations exceeding 5000 times the values in Table 2 of

Appendix B to Part 20; or

(4) - An acute chemical exposure to an individual from licensed material or

hazardous chemicals produced from licensed material that:

(i) Could lead to irreversible or other serious, long-lasting health effects

to a worker, or

(i) Could cause mild transient health effects to any individual located

outside the controlled area.

In addition to complying with paragraphs (b} and (c) of this section, the risk of
nuclear criticality accidents must be limited by assuring that under normal and
credible abnormal conditions, all nuclear processes are subcritical, including use
of an approved margin of subcriticality for safety. Preventive controls and
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measures must be the primary means of protection aga/nst nuclear criticality
accidents.

Table 2-1, taken from the MOX FFF LA [2-6], shows that in order to meet the
requirements of Part 70.61, high consequence events need to be made highly unilikely
and intermediate consequence events need to be made at least unlikely through the
application of items relied on for safety (IROFS). The IROFS consist of passive controls,
active engineered controls (AEC), and administrative controls whose application is
intended to reduce the likelihood of an identified event to an acceptable category as
shown in Table 2-1. The ISA Summary [2-7] identifies the IROFS for each class of
accident events. The following qualitative definitions of likelihood are provided in
Chapter 5, Section 5.2.2.5 of the ISA Summary:

+ Not Unlikely — events that may occur during the lifetime of the facility.

» Unlikely — events that are not expected to occur duripg
events originally classified as Not Unlikely to whi
reduce their likelihood to an acceptable level.

lifetime of the facility or
ient IROFS are applied to

with a very low initiating frequency,
any»«i%nhkely human actions that have no motive,
rocess facility, and (3) process upsets that are
/. based on physical laws. In Tabie 2-1, the qualitative
,e def;@mon of “credible” are consistent with, and based on,
e'MOX FFF Standard Review Plan [2-8].

* and which have never gccurre
not possible or en&émgy%' nlik

g
definitions of I|kellhood and,

the definitions t ined in

The LA states that:

“For the facility worker, conservative qualitative consequences were used.
Consequences were categorized as high (H), intermediate (1), or low (L) based on
the three severity levels; the facility worker is considered to be located inside the
MFFF, near a potential accident. Radiological consequences to the facility worker
are qualitatively determined. Facility worker consequences are qualitatively
determined based on the material released, the release mechanism, and the
location of the worker relative to the release. In most .cases, events involving an
airborne release of plutonium or americium are judged to have high consequences
to the facility worker and IROFS are applied.”

A ROE that leads to a breach of a vessel or other equipment in a process unit is, in
principie, a high-temperature, high-pressure release. Such a release is a high
consequence event for a facility worker and, in terms of the performance criteria of
70.61, each ROE scenario or sequence would have to be shown to be “highly unlikely” in
qualitative terms.

2-3
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Table 2-1 Event Risk Matrix.

3
- No IROFS Applied
o)
2 4
w o No IROFS Applied No _IROFS Applied
O &
Z s
= )
c E
w 1 2
2]
= No IROFS Applied No IROFS Applied No IROFS Applied
o >
(&) 3
-
Highly Unlikely Not Unlikely
(1) ®3)
The present report provides th r the development of a risk assessment
for ROEs in the MOX facili th a systematic search for conditions and

events that could potentially It
then followed by the devel ome
and the construction ic my
tree. The level
available to congi
the system, co

ROEs inihe various process units of the facility. It is
arios for such events in terms of event trees

. assessment is limited by the resources and time
“as well as the avaitability of data and information at
rocedure level for a new facility. It is understood that the
frequency of ROE { he risk assessment is meant to provide an independent
perspective on risk 104 reviewer and is not meant fo offer any determination of
facility licensing which isimade under the requirements of 10 CFR 70.

The Standard Review Plan for the MOX Facility, NUREG-1718 [2-8], provides guidance
to the NRC staff on the notions of unlikely and highly unlikely that are introduced in
10 CFR 70.61. Chapter 5 of NUREG-1718 provides acceptance criteria for qualitative
definitions of likelihood.  While the - regulation does not require a quantitative
determination of likelihoods, NUREG-1718 also provides acceptance criteria and some
guidelines for quantitative definitions of likelihood. It is stated in NUREG-1718 that, “the
quantitative guidelines...are derived from safety performance goals for the whole
industry”, not one specific facility. The numerical guidance in Reference [2-8] is provided
to inform the NRC staff reviewer. 10 CFR 70.61 requires that intermediate consequence
events be rendered unlikely and high consequence events be rendered highly unlikely.
This is consistent with the idea of an iso-risk line, where risk is regarded as probability
multiplied by consequence. In the case of the MFFF, the licensee chose to apply the
qualitative definitions of likelihood. :
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Thus, the evaluation of the frequency of a ROE and the worker prompt fatality draft risk
guideline can be useful in risk-informing an NRC reviewer regarding the issues related to
acceptability of red oil scenarios and measures employed to prevent or mitigate them.
One approach is to use a three-level decision diagram as described in Reference [2-2]
and discussed below.

2.2 Three-Region Diagram

Reference [2-2] provides a discussion of the risk to individuals from a regulétory action
that is based on a concept of three regions of risk to individuals:

1. if a proposed action results in risk to individuals that are judged to be too high,
this may be sufficient grounds to reject it.

lie in the tolerable region
‘ r)ative actions should be

2. If the resulting level of risk to individuals is judge
(and other factors are adequately addressed),
preferred based on highest net cost-benefi

3. Proposed new requirements to reduceg €n it is already in the negligible

risk region should normally not be pursue

zwdled in the three-region decision
idents or unanticipated events (such
ency and/or probability of accident
equence that would occur. Since there
evaluated as the sum over ali scenarios
ce (or the probability of fatality given tha't

Reference [2-2] indicates that the aboveﬁm"m;x g%,%lis
framework can be applied to managmg‘iir k‘“ﬁ% '

as ROEs). This risk involves both%ﬁ
occurrence for each scenario, awell as th
are multiple possible accident ‘

of the product of frequengy
level of consequence). F
over all possible RO
worker fatality. y
frequency of fatal
10 CFR Part 20.%
on risk due to acci
Negligible risk levels ‘are
insignificant addition rela

ee- region framework, risk is often expressed as
-Reférence [2-2] states that unlike routine doses under
n has not ascribed generally applicable numerical limits

1 below the regulatory limit levels of risk, and represent an
‘to average normal risks.

The three-region risk diagram displayed in Figure 2-1 is a conceptual representation of
these decision considerations. As indicated in Reference [2-2], the “lines” separating the
regions of unacceptable, tolerable, and negligible (or insignificant) risk are not precise
but take into account uncertainties that impact the risk. Such uncertainties are often
accounted for by incorporating considerations related to defense-in-depth, such as levels
of diversity and/or redundancy, and safety margins or by prescribing conservative
methods for calculating and analyzing risk.

2-5
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' UNACCEPTABLE RISK (UR)

' Regulatory Limit
(Upper TR).

TOLERABLE RISK (TR}
{Lower TR),

Safety Guideline

INSIGNIFICANT RISK (IR)

Figure 2-1. ‘Th'rée-region risk acceptance diagram.

This diagram divides the risk space for any applicable \ ith risk metrics (public or
worker acute fatality, etc.) or equivalent surrogate ris@metﬁi,CS into three regions: an
. . - . AT G . X

unacceptable risk region, a tolerable risk region, a “an msugn;ﬂgant risk region. The
lower line shown in Figure 2-1 that separates the Yinsignificant ;}k region from the
tolerable risk region corresponds to the QH&@% slowgwhich there is no measurable
benefit of reducing the risk further. As discuss ’

corresponds to the risk implication of the regulato

5 S

i

d @%ﬁﬁeference [2-2], the upper line
that separates the unacceptable

N “process based on the QHGs outlined in
ulatéﬁ%ean values of the risk metrics. As discussed

It is clearly understoo gthe frequency of a ROE and the various draft QHGs that are
applicable are meant y to provide additional information and an independent
perspective on risk to the NRC reviewer. They are not meant to serve as the basis for
any determinations related to facility licensing which is made under the requirements of
10 CFR Part 70.
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3. THE RED OIL PHENOMENON

3.1 Red Oil Event Phenomenology

The purification and/or separation of metals in the MFFF is accomplished by a process
known as liquid-liquid extraction, or solvent extraction, that is also commonly used in the
chemical and petrochemical industries. In this process, one or more components, e.g.,
metal impurities, are transferred between two immiscible liquid phases, typically an
organic phase and an acidic aqueous phase. The solvent proposed to be used in the
MOX facility is TBP diluted in an organic matrix to improve the physical characteristics of
‘the organic phase. The diluent is HPT that is similar to dodecane (a relatively inert and
radiation resistant organic chemical); it reduces the viscosity and density of the organic
phase to improve phase separation and also acts to lower actinide concentration in the
liquid and hence reduce criticality concerns. :

This report focuses on events that may lead to the formation:of red oil and the éxplosive
decomposition of organic nitration and/or oxidation reagtio ngz”é‘el\%u&cts within the aqueous
polishing (AP) process where plutonium is puriﬂg%gwg%by solvent extraction. Red oil is
defined as a substance of varying composition ggtgy"éd A{vhen or %‘,i;c constituents react
with nitric acid. In the AP process, these substa fges may form by;/reactions of TBP, its -

‘ ith nitric acid. Previous studies

decomposition products, and impurities in the di
have shown that red oll decompositioq@ggs exothemnic,and generates a relatively large
ay, reactio s) and overpressurization.

amount of gas, leading to the risk of a

According to official sources, red oil event g ocgurred three times in DOE facilities:
at Hanford in 1953, at Savangr%gﬁggiver in. 1953 and then again at Savannah River in
red:at the T gsk facility in Russia in 1993 [3-2] and at a

* alse’ occurred at Oak Ridge in 1959 [3-4]. A
|6ar Facilities Safety Board (DNFSB) [3-1] on

hat have occurred in the extraction operations at

facility in Canada [3-3]. «
recent report issued by the.

ROEs summarizes hemeve }
Savannah River andHan ;%n g accident at the Tomsk plant.in Russia. From 1953
..a period ‘gf%%%gmy 50 years, the six red oil events which have occurred

il eve equency of approximately 0.1 per year. -

The report issued by the DNFSB identifies the issues involved, and controls needed, to
prevent red oil explosio‘ﬁéywithin DOE facilities. As defined in the DNFSB report, red oil
is a substance of non-specific composition that can be created when an organic phase
consisting of TBP and diluent in contact with concentrated nitric acid is heated above
122°C (251.6°F) under reflux (a stream of condensed overheads returned to the boiling
liquid for increasing or decreasing the concentration of one or more components in the
boiling liquid). The red color is believed to be due to nitrated organic species as well as

the evolution of nitrogen dioxide, a gas with a reddish-brown color.

3.2 Chemistry of Red Oil Excursions

Organic matter in contact with nitric acid may iead to the formation of red oil. The rate of
formation and possible decomposition of red oil and/or organic components, such as
TBP, is enhanced by: '

3-1 .
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1. Nitric acid concentration (in typical reprocessing facilitiés, this concentration
varies from low acidity to about 13.6M; the limit is the nitric acid/water azeotrope:
68.4 wt % nitric acid at a boiling temperature of 122°C [251.6°F)

2. Temperature (normal operating temperatures, except in the calciner are
maintained below 130°C [266 °F])
3. Residence time (depending on the equipment invo[ved, this may vary from a few

minutes to many days for storage)

Efficiency of contact (mass transfer) ,

Radiation dose — leading to possible radiolytic decomposition of organics to form
more reactive species.

o s

The conditions that contribute to a red oil event are shown in Figure 3-1. Adequate
venting to remove the heat generated in the exothermic reaction and prevent
overpressurization is important for evaluating the potential consequences of a ROE.

‘Organic (TBR) High Niric Acid
foece. o s

Veriting for : High Long Radiation
Cooling'or to - Rasidence kg
ng ?ﬂr Termperauire T;m Doss
Pressurization
@
Fig nditions for a red oil explosion to occur

Organics are referred todn general terms in this report; the organics which are mostly of
concern are TBP, TBP nitrates, TBP decomposition products, such as dibutyl phosphate
(DBP), monobutyl phosphate (MBP), butanol and impurities in the diluent. Additionally,
because most of the solvent is recycled within the process, generation or input of even a
small amount of impurities will tend to build up unless special care is taken to monitor
and purge such buildup. Unlike the class of chemicals mentioned above, contact
between the organic diluent used and nitric acid is not considered as a possible source
of unwanted reactions, because the organic diluent used is HPT, which does not react
with nitric acid at the temperatures normally encountered in this process.

The amount of red oil depends on:

1. The rate of formation
2. The area of contact between the organics and the acid phase
3. Length of contact time between the two phases.

3-2
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The oxidation of TBP and its decomposition products, i.e., red oil formation, takes place
over a wide range of temperature, with the rate dependent on temperature, acid
concentration, radiolysis, etc., as illustrated in Figure 3-1. At lower temperatures, below
about 60°C, the heats of reaction and the volumes of gases evolved are generally small.
What is of concern is the very energetic exothermic decomposition reaction and
associated overpressurization, the so-called self-heating runaway reaction, which has
been observed at higher temperatures.

The risk of red oil formation and decomposition exists in any area that contacts TBP.and
other organics with an oxidizing agent, such as nitric acid, or that receives organic
material that may have previously contacted nitric acid or aqueous material that may
have come in contact with organic compounds. The undesirable reactions are promoted
by the presence of unstable organic constituents, such as TBP decomposition products,
high nitric acid concentration, high temperature, iong reS|den e.time, the catalytic effects
of metals in solution such as plutonium, zirconium, and uranitim on the reaction rate, the
the radiolytic dissociation of organics present, and ay heat associated with
plutonium and americium. Severity of events, such asr ptu primary containment, is
increased by inadequate heat removal and madeq é@é&vent are

Previous studies, e.g., Hyder [3-5], indicate
negligible below 130°C (266°F). For examp
page 6-1] states that “maintaining of,g»
accepted as a means to prevent any rea@g

exothermic decomposition is
DNFSB Technical Report [3-1,
ess than 130°C is generally
hile this may be a reasonable
es-tend to be in minutes or less, and
tanks and dead Iegs in the piping

dicated in the DNFSB report [3-1] tanks and
z Q@nhkely to have sufficient heat removal capabilities or
smove heat generated by any exothermic reactions.
to an uncontrolled temperature rise even in situations
> is quite low. Furthermore, the areas in which these
e often difficult to assess, thus making it impossible to
rature in all such places.

stagnant fluids can I
correctly measure the tem

In mixed systems, if TBP in the aqueous phase is consumed by any reaction, it will be
replaced (by mass transfer from the interface) with additional TBP from the organic
phase. Whether it slows down the overall rate of degradation will depend on total
interfacial area and mass transfer flux in comparison to the reaction rate. In emulsions,
for example, there may be sufficiently high mass transfer rate to replenish material lost
due to reaction. The initial phase of the reaction is likely to be strongly dependent on the
area and thickness of the interface between the aqueous and organic phases.

Possible reactions between TBP and nitric acid that include possible TBP decomposition

products are described in NRC’s SER [3-6] and the MFFF ISA Summary [3-7]. These
reactions can be summarized as follows:

: 3-3
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1. Hydrolysis reactions — TBP to DBP to MBP and eventually 3 mols of butanol and
1 mol of phosphoric acid:

(C4Hg0)sPO + Hy0 — (C4H0),POOH + C,H,OH
(C4HgO),POOH + H,0 — C4HsOPO(OH), + C4H,OH
C4HeOPO(OH), + Hy0 — HaPO4 + C4HgOH

which can be suﬁmarized as:

(C4HeO)PO + 3H,0 — H3PO, + 3C4HsOH

2. - De-alkylation reaction: TBP may undergo de-alkylation with nitric acid as follows.

(CaHoO)sPO + HNO; —> (C4HeO);POOH + CsHsONGLL

3. Pyrolysis, which mostly occurs at higher temgeral ’ ere there is no water
present. ; '

In addition, butanol, butyl nitrate, and TBP nit xidation reactions are significant
sources of energy and gas evolution.

It is difficult to predict the extent to whicl h B e ¢ above reactions will proceed under
various conditions of nitric acid conce io} f‘ics to nitric acid ratio, amount of
dissolved nitrogen oxides, temperature i ence time and mass and heat transfer

Hyder [3-5] proposes the Swing.reaction™that assumes complete oxidation of TBP to
carbon dioxide, pho '

(C4HgO)g AHNO,; 5712C0, +7.2 N, +19.2 H,0 +HsPO, 1)

es about 1540 Kcal/mole. TBP); this is approximately 16
times higher than the ion energy derived by Eisenhawer et al. [3-8] based on
experimental measurem by Nichols [3-9]. The ISA Summary [3-7, page 5.3.6-61]
considers a different stoichiometry for theTBP oxidation mechanism:

The above reaction

(C4HgO)sPO + 15 HNO3 —> 12 CO, + 7 Np + 19 H,0 + HaPO, + HNO,  (2)

The heat generated from this reaction is approximately 1689 Kcal/mole TBP, making the
reaction energy higher than the reaction mechanism proposed by Hyder [3-5]. Similarly,
the moles of gas evolved from the second mechanism are greater than the first
mechanism, making it an even more conservative design reaction. However, both Hyder
and the ISA Summary remark that the above theoretical reaction energy evolved is
based on the assumption that the TBP undergoes compiete oxidation, which is overly
conservative. According to Hyder, the extent of reaction is limited by the concentration
of nitric acid (i.e., the oxidizer) in the organic phase, so that only a small fraction of the
oxidant that is required to fully oxidize the TBP is available. Further, in an open system,
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if the reaction produces intermediate products that evaporate the amount of reaction
heat is further reduced.

For safety analyses, one may consider the extent of oxidation, which depends on the
amount of TBP that is present, as an uncertain parameter and perform a range of
sensitivity calculations, from the bounding energy released in the reaction represented
by the equation above to the energy release assumed by Eisenhawer, to determine the
amount of heat and the volume of gases evolved. For venting calculations the bounding
condition is the reaction(s) that will produce the maximum volume of gas. For practical
applications, Hyder [3-5] explains why the lower heat evolution, with some relatively
minor corrections is appropriate to use for design calculations.

However, to consider the bounding condition, the vent calculations for the Hyder .
postulated reaction of Equation (1) would have to be sized for total moles of gas
generated by the above reaction pius moles of volatile matéﬁi,al that will vaporize as a
result of the reaction heat. Moles of material vaporized il depend on molar heat of
vaporization. It is worth noting that molar heat of vap f butanol, approximately
10 Kcal/gm-mole [3-10], is about the same as that F W which means that the
amount of moles vaporized, and, therefore, gas "*fgae will be '

Nazin et al. [3-11] recently performed exp s
ms TBP-HNO3 and 30% TBP in
‘ X eriments were carried out over
temperatures ranging from 120 - 170°¢ . 338°F «@hd the nitric acid concentration
'varied from 1.5M to 14 M. The tempe S re ;omtored V|a thermocouples in the
organic phase, at the interface, @md in th
interface. In this way, a meg@%ﬁé iplete
reactlon in different phas

by (1) heat transfer to the environment,
from the aqueous and gas-vapor phases to the
(3) othgg%faetvﬁs like evaporation, mixing of the phases and gas
iperaturey \easurements reveal that the reaction starts not only in the
also at the interface of the two phases. If the exothermic
heat in the organic phase produced by the oxidation reaction is greater than the heat
loss through the wallsSgf’the vessel and to the aqueous phase so as to result in a
progressive temperature nse the oxidation process is accelerated and there is an abrupt
step increase in temperature and pressure within the vessel as shown in Figure 3-2
(taken from Figure 2 of Nazin et al.). If the heat losses are greater than the heat
evolved, the self-heating rate is low and the oxidation of the organics remains
incomplete as shown by the amount of gaseous products generated in the reaction.
Nazin et al. remarked that the difference between heat gain and ioss in the exothermic
reactions occurring in the two phase systems at relatively low nitric acid concentration “is
very sensitive to various factors, so that insignificant variations in the process conditions
can change remarkably the thermal oxidation rate and extractant conversion.”

The exothermic reac’uon
(2) mass transfer of:
organic phase,
liberation. The
bulk of the organi

The experimental results of Nazin et al. on the onset and maximum temperature of the
reaction, the mean heat up rate and the maximum pressure generated as a function of
nitric acid concentration are shown below in Table 3-1. These data show the

3-5
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acceleration of the reaction and the lowering of the onset temperature as the nitric acid
concentration increases.

250 250
L rery
£ 200 200 g

£ sk =150
- _ 5
£ toot J100 8
& 50, 50 &

030" 100 150 200 350 300

‘Time, min

Figure 3-2. (1-3) Temperature and (4-6) pressure evalffxffions during heating

of the mixtures of 7.8M HNO; with (1 0% TBP,
(2, 5) 30% TBP in dodecane, and (2, lodecane.
Thermostat temperature 170°C (338 ) an
aqueous phase volume ratio 1:3. (S6 3-11])

HNO; conc in

Onset of _
. Max pressure
.aqueous exothermic _ (atm)
phase, M (°C/min)
1.5 - 29
3.0 1.2-2.6 21.5-68
5.0 - 21-115 20-87.5
7.0 16 100
10.0* > 14* > 90*
14.0* -* -*

*Break of safety mem Ql
~ (Source: Nazin et al. [3-1q]) 7 -

The effects of irradiation on the onset temperature of the exothermic reaction were also
studied, and it was observed that the onset temperature decreased and the intensity of
the reaction was higher. In an irradiated mixture similar to what was believed to be
present at the time of the Tomsk accident, the exothermic reaction was observed to start

at temperatures ranging from 85 - 95°C (185 — 203°F), well below what was observed in
the non-irradiated mixtures.

Nazin et al. go on to conclude: “it is not improbable that in actual extraction systems
exposed to the combined impact of oxidizing agents, temperature and radiation, the
onset temperature of hazardous exothermic reactions can well be comparable with not
only the evaporation temperature of nitric acid solutions but also with the maximal
temperatures realized in the extraction recovery stages. Note that extraction systems
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can approach these temperatures‘by virtue of both an external heating source and inner
self heating produced by radioactive decay.” .

Paddleford and Fauske [3-12] report the results of a number of experiments on TBP-
nitric acid mixtures to determine runaway reaction temperature, pressure rise and safe
venting practices. Heat generation from exothermic reactions and decompositions
involving TBP and other organics is proportional to the reaction rate. Thus, the heat
generation relationship can be represented by an Arrhenius equation with appropriate
coefficients. The activation energy in the Paddleford-Fauske experiments is reported to
be about 26,800 cal/(g-mole-K). In other words, the rate at 130°C (266°F) will be about
40 times higher than at 90°C (194°F). The above relationships, plus thermodynamic
data (such as heat of vaporization for various compounds, vapor pressure relationships,
heat capacity, etc.), given the heat removal capacity of the equipment in question, would
allow one to calculate the net temperature and pressure rise as the result of the relevant
reactions.

The ISA Summary states that a “semi-empirical model 15} sribing the heat generation for

TBP/nitric acid was developed to specifically account’“«for coﬂgﬁlons present in the AP

process. ? Th|s model [3 -13] |s stated to be based on data%‘fr@m ‘over 80 individual
er ni

.constants. The heats of reaction were estabhs‘l;%e
the heat transfer and evaporative coolin '

sources. It is stated thathe’
subsequent oxidation o
uncertain asitis a v

organic phase,
then compared Yo
the evaporation o r
strategy of evaporative.
oxidation reaction. "

n open %\g&ented) system with the heat that could be carried away by
mts, thus providing a measure of the effectiveness of the
goling as a means of removing the energy generated by the

The experimental data cited for the open system are from the experiments done by
Tashiro (cited in Ref. [3-14]) in a kinetic study at 90°C (194°F) of 3:1 volume ratio of
aqueous (10M HNO3zX:TBP mixture plus 3 wt % butanol under atmospheric pressure.
These data yield a heat of reaction of approximately 237 kcal per mole of TBP reacted.
(This is a little less than one-sixth of the energy generated from the complete oxidation
of TBP based on the Equation (2) cited above from Hyder's data and about one-seventh
of the amount cited in Equation (3) above). This heat of reaction can be equated to the
latent heat .of evaporation of water, approximately 540 kcal per kg at 100°C and
atmospheric pressure, to provide a rough estimate of the quantity of water needed to
provide evaporative cooling. The quantity of water needed depends upon the
concentration of nitric acid, because the energy production due to TBP degradation is a
function of nitric acid concentration and its rate decreases with decreasing acid
concentration. The solubility of nitric acid in TBP is low, and since the nitric acid/water is

Offfial u/ée §£nny
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evaporated around the azeotropic limit of 122°C, the limiting reagent for heat generation.
would be HNOs.

The calculation carried out .in Reference [3-14] assumes an organic phase of TBP
(without any HPT) in contact with 13.6 M .HNO;, containing 64.2 wt% TBP, 32.5 wt%
HNO,;, and 3.3 wt% H,0, on top of an agueous nitric acid phase containing 67 wt%
HNO:s.

The calculation performed in Reference [3-12] is approximately as follows:

TBP concentration in solution . =64.2 % by weight
TBP molecular weight = 266.32 gms/mol
Solution density = 1045 gms/L

Weight of TBP in 1 kg of solution =1000 gms*0.6 2§gms/gms of soin

‘Moles of TBP in 1 kg of solution

f”kcal/mol*Z 41 mols/kg of soln
_71 kcal/kg of solution

= 571kcal/L/(540 Kcal/kg of water)

= 1.06 kg of water per kg of above
solution

This appears to(be.the basis of the criterion mentioned in the ISA Summary that an
approximate 1:1 Wf.s ratloge water to. TBP will provide effective evaporative cooling
and prevent a runaw ; ctlon in a nitric acid-TBP system. The criterion is stated as
being conservative, sin \lt is based on a TBP-nitric acid system alone, not the 70%
HPT-30% TBP in contact with nitric acid that will be used at MFFF.

For a closed system, Reference [3-14] cites data of Nichols corrected by Los Alamos
National Laboratory to obtain a heat generation of about 312 kcal/mol TBP for
experiments carried out at 120 C. Following the above calculation procedure for the
higher heat of reaction, 312 kcal/mol of TBP versus 237 kcal/mole of TBP yields a mass
ratio of water to TBP of around 1.3:1.

It is acknowledged that evaporative coollng will not be significant in a closed system
because once the system reaches equilibrium further evaporation of water will be
prevented and. it will cease to be a means of removing the heat generated by the
oxidation reaction. ‘

3-8
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To determine the criteria for the safe venting of red oil, runaway reactions conditions
more severe than normally encountered in the process were deliberately created in the
Paddleford-Fauske experiments to induce the exothermic reaction. The goal was to
establish the required vent size for a given quantity of organics and maximum allowed
pressure in the container. The importance of their work is that it gave the industry a

simple design criterion of about 32 kg/cm2 for the threshold amount of organic material
needed to initiate a runaway reaction to establish an adequate vent size. Their
experiments also clearly determined that the vent size in the Tomsk event was
inadequate, about 70% of what was required.

The total amount of organics that is present in any area of concern is a key factor.
During normal operation, the amount of organics is expected to be little more than their
solubility and the solubility. of organics in weak acid is low. It is difficult to estimate
during design or early operations the amount of organics that will be carried through in
off-normal events. Some scenarios may predict levels thatiare an order of magnitude
higher than normal. Thus, in essence, even if the vent eﬁz suitably designed based
on the above Fauske criterion, the amount-of TBP/HNW that, is actually present if an
accident scenario occurs could be unknown and ttJe ‘amount of, safety margin that is
available, beyond the criterion for safe venting, will become anqm portant factor from a
risk standpoint. The controls that MFFF has established or:%*?eventing TBP from
migrating to vessels it is not supposed to enterhavesSignificantly alleviated this concern
(see Chapter 4). _ A

tiin their review of the Tomsk-7
impose any back pressure on the
eu here, may in fact increase the energetics
active gases in the liquid and, therefore,
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4. RED OIL SAFETY STRATEGY IN THE CAR AND THE
LICENSE APPLICATION

The MFFF LA [4-1] points out that the Integrated Safety Analysis (ISA) has been a
“developmental process.” The process started with the safety assessment (SA) phase
that was carried out in support of the Construction Authorization Request (CAR) [4-2];
and it became progressively more detailed to support the LA and the ISA
Summary [4-3]. The ISA analyzes hazards and potential accident sequences, and
identifies the Items Relied Upon for Safety (IROFS) and management measures as well
as codes and standards and quality assurance to ensure that IROFS are available and
reliable to perform their function when needed. The ISA is designed to be a systematic
analysis to identify plant internal and external hazards and their potential for initiating
event sequences; the potential event sequences; their Ilkellhood and consequences; and
the structures, systems, and components (SSCs) and activities of personnel that are
relied on for safety (i.e., IROFS). :

4.1 CAR Safety Strategy for Red Oil

sp%ff ic hazards and the evaluatlon of
t scenarios. The preliminary accident
entified in the hazard assessment,

principal SSCs:

1. Provide¥ neans to ensure that the rate of energy generation from the exothermic
nitration-oxids 1) reactions did not exceed the rate of heat removal;

l 2. Limit the exposlige time of organic material such as TBP to the oxidizers, such as
nitric acid and the (radiological) metal impurities to reduce the likelihood of a
temperature rise that may cause a red oil event; '

3. For closed systems, ensure an adequate aqueous phase inventory to provide
evaporative cooling to limit temperature rise and maintain temperature below the
level for runaway reaction.

The principal SSCs identified in the CAR to accomplish the above safety functions were
as follows:

1. Offgas treatment system. The function of this system was to prevent
overpressurization by providing an adequate vent capacity in the event of a ROE
so the consequences would be tolerable in terms of protecting the worker, the
public, and the environment in terms of the performance criteria of 10 CFR 70.61.
In the CAR, the provision of adequate venting was analyzed separately for an
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open system and a closed system. In the open system, adequate vent area was
based on the empirical’ correlation established by Fauske in terms of the
threshold quantity of organic material per unit vent area, i.e., 32 kg of organics
per square centimeter, which would allow the gases evolved in the reaction to be
safely vented. The CAR desrgn basis value was a vent size based on an
organics limit of 12.5 kg/cm? this provided a safety margin factor of
approximately 2.5. In a closed system, when significant amounts of organic
material are expected to be present, the offgas system was designed to provide
an exhaust path for evaporative cooling of the aqueous phase in any process
vessel where a ROE could conceivably occur. The design basis chosen for
evaporative cooling was that the heat removed must be 1.2 times the sum of the
steam energy input at 133°C (271.4°F) and the energy generated chemically
from the reaction.

2. Process Safety Control Subsystem (PSCS): The PSCS was meant to ensure an
adequate aqueous phase inventory through conti us feed or injection so that
evaporative cooling can be provided in a closedj§§ istem. The functions of the
PSCS were three-fold: first, to limit the bulk temperagjﬁ»re of solutions that have
degraded organic materiat; second to Imltﬁhe re3|dence“" of organlcs in the

review of the CAR is documented in

. g carryover can be consrdered as an anticipated event in
the facility.” NURE« Iso pointed out that “Duke, Cogema, Stone & Webster
(DCS) [4-5] has commiitted to further evaluate the red oil phenomena, including
continuing analyses and experiments which could result in an increase or decrease of
the temperature at which action is required to remain below the design basis value.
DCS is also evaluating the effect of impurities on the initiation temperature in closed
systems.” The NRC staff concluded that “operational concerns related to...possible
abnormal condltlons are best addressed in the ISA when more specific design
information is expected to be available.”

4.2 Post-CAR Red Oil Safety Strategy

As indicated above, the red oil safety strategy at the CAR stage was mainly mitigative; it
was assumed in the design that the organic solvent could migrate to a process vessel
where it could potentially encounter the conditions for a ROE. The safety strategy
adopted was to ensure that adequate aqueous inventory and vent area would always be
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available, even in a so-called closed system, to avoid initiation of a runaway nitration-
oxidation reaction.

This approach. to ROEs has changed significantly in the post-CAR licensing application
stage. The strategy now being proposed is largely preventive, based on attempting to
ensure that the organic solvent will not migrate downstream, beyond its solubility fimits,
into process vessels where conditions for ROEs potentially exist. A presentation made
by MOX Services to the BNL team on June 3, 2008 [4-6] indicated several reasons for
the change in safety strategy:

1. Evaporative cooling was claimed to have been demonstrated in laboratory scale
experiments, based on the ability of aqueous solution to migrate through the
organic phase and evaporate at a rate commensurate with heat generation while
removing the heat of reaction. However, it was difficult to experimentally
demonstrate the effectiveness of evaporative COO|II‘1%;$§TI a full-scale evaporator
filled with solvent in the presence of highly concent ated (13.6 M) nitric acid. This
would have required either a credible large extraeta’tt@%& of faboratory-scale data
to full-scale conditions or would have involved pe’rformmg&a full-scale experiment
that was judged to not feasible.

2. The aqueous phase injection mitigatit
aqueous feed to process vessels filled wi
conditions as well as the tempe‘

were judged to be too complex G

uipment, such as acid evaporators, through
monitoring and control, etc., to ensure that TBP does
rocess units beyond its solubility limit. IROFS are
of this strategy and include sampling points and drip
ntrol loops, and a slab settler. To ensure proper sample
head, proces mg is performed with active controls that include redundant
air operated v (AOVs) on lines from the sampie tank with redundant
controlier interlocks and hand switches to prevent unauthorized transfers and
programmable logic controllers in the sampling unit and the sampling pneumatic
system.

2. Heat Transfer Strategy: Meant to demonstrate adequate heat transfer to the
external environment of any heat produced from an exothermic reaction using
simple convective and radiative heat transfer mechanisms. It is applicable to all
vessels normally containing separate phase TBP and is designed to ensure that
heat dissipated is greater than heat generated through solvent-nitric acid
reaction, including catalytic effect of metal impurities like Pu, U, and Zr, and the
decay heat from Pu and Am. A computational heat transfer model, which
depends on vessel geometry and ambient cell/room temperatures, has been
created to evaluate this strategy. IROFS credited for the success of this strategy
inciude geometry of process vessels, temperature control loops to limit self-
heating, adequate off-gas venting to relieve pressure from released gases, and

4-3
Offigial Upe Ovﬂy



Offlcial U(ée Oply

reagent sampling controls to ensure that the proper diluent is added to the
process.

3. Evaporative Cooling Strategy: Provides for heat removal via evaporative
aqueous phase cooling mechanism based on maintaining a minimum quantity of
agueous phase in process vessels where some (limited) amount of TBP could
also be present. The success of this strategy is premised on the large heat of

~ vaporization associated with the aqueous phase and assumes the control of key
parameters like maintaining minimum water to TBP mass ratio, a maximum TBP
layer depth, a maximum process solution temperature and a vented “open”
system. IROFS credited include process sampling and administrative flushing
controls to limit TBP accumulation in vessels, level controls to maintain minimum
aqueous to organic mass ratio, temperature controls to limit solution
temperatures, and offgas venting to relieve pressure from released gases.

4.3 Discussion of Red Oil Coping Strategies in the ISA

“that are _assocnated with the
s a subpart of the broader hazard
}hermlc reactlons of TBP and its

Acid Recover‘%%(KPC)

Oxalic PreC|p and xadatlon (KCA)
» Oxalic Mother Nguor I'\;_eégavery (KCD),

-+ Aqueous Waste pt:ia‘ﬁ (KWD),

« Solvent Waste Recepﬁon (KWS),

» Laboratory Liquid Waste Receipt (LGF).

These process units could contain TBP, or its associated byproducts, in addition to
concentrated nitric acid, and they are also potentially subject to elevated temperatures.
In addition, the solutions in the process vessels contain radioactive materials such as
plutonium and americium and are thus subject to radiolysis.

Assuming its occurrence, the unmitigated consequences of the TBP-Nitrate (Red Oil)
explosion scenario are high to the facility worker, site worker, and individual located
outside the controlled area boundary, so the event must be rendered highly unlikely to
conform to the performance requirements of 10 CFR 70.61.

4-4
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As indicated above, the current safety strategy delineated in the ISA Summéry for the
red oil event involves the implementation of one of the following approaches, based on
the operational constraints associated with each process vessel:

- TBP prevention — segregation of separate phase TBP from acid-bearing process
equipment to prevent runaway TBP-nitric acid reactions

« Heat transfer — adequate heat transfer from TBP-bearing vessels to the surroundings
to prevent runaway TBP-nitric acid reactions

- Evaporative cooling — maintenance of an aqueous phase in TBP-bearing vesseis to
ensure evaporative cooling to prevent runaway TBP-nitric acid reactions.

4.3.1 IROFS

The ISA Summary defines IROFS classifications and the rié}

eduction level attributed to
that particular IROFS as follows:

bin d?‘ with a physical device that alerts the
operator that the actj itosmaintain safe process conditions. EAC also
include augmented - strative~controls that add assurance that the required
human perfermz »Wille rried out when needed.

discussed in Ch
NUREG-1718 [4-7].

The IROFS selected to implement the safety strategy for the red oil event are described
in the ISA Summary. Tables 4-1 and 4-2 are based on the information contained in
Tables 5.3.6.2 and 5.3.6.3 of the ISA Summary and describe in detail each of the
engineered IROFS and the administrative IROFS, the process units they refer to, the
functions they are designed to perform, and the safety strategy that is applicable.

4.3.2 IROFS for TBP Prevention Strategy

The IROFS for the TBP Prevention Strategy consist of: (1) density controls for the
detection of HPT/TBP, (2) the slab settler in the KPA unit, (3) process vessels and pipes
that ensure no leakage into process cells, (4) administrative control of process sampling,
(5) administrative control of drip tray sampling, and (6) administrative controls to preload
the slab settler.
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Table 4-1. List of engineered IROFS for the red oil safety strategy.

Vessel Off-gas
venting

evaporation remains effective by
carrying aqueous phase vapor out of
the vessel head space

Control Process Unit(s) | Function ‘ Safety Strategy
Density KPC, KPA, KPB | Prevent introduction of solvent into TBP Prevention
controls for equipment which can operate at
HPT/TBP temperatures above the safety limit
detection Prevent agueous organic interface on | TBP Prevention
the KPA slab settler from dropping
below the weir
Ensure any separate phase TBP that | TBP Prevention
accumulates in the KPB alkaline
waste tank is detected to preclude
transfer to the KWD alkaline waste
tank
Prevent introduction of HPT & Evaporative Cooling
downstream of the KPC buffers
Process level | KPC Evaporative Cooling
controls
| Process KPC, KPA, KCA Heat Transfer
temperature
controls avoid self-heating
reactiefise....
| Evaporative Cooling
Provides additional
ed to bs w lower flammable limit | safety margin for red
. A oil events
Process KCA, KPA, KGL ns-geometry for adequate Heat Transfer
vessels sheat transfer
{ Designed to make leaks into process | TBP Prevention
elis unlikely
Process Ensures that heat transfer due to Evaporative Cooling

(KPC unit)

Ensures that off-gas from TBP nitric
acid reactions are adequately vented
to prevent overpressurization

Heat transfer (all
process units)

Slab Settler

KPA

Passive engineered safeguard to limit
the 'amount of diluent/TBP transferred
to downstream vessels by providing
sufficient settling time to allow for
separation of diluent/TBP from
aqueous solution caused by density
differences

TBP Prevention

Vessel vent
System

KCA

Provides sufficient capacity to allow
venting of off-gasses generated from
soluble solvent potentially added to
KCA drying-calcination furnace to
ensure an overpressurization event is

highly unlikely

Protects against all
solvent explosions in
the furnace including
any generated as a
result of red oil
events
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Table 4-2. List of administrative IROFS for the red oil safety strategy.

Control Process Unit'(s) Function Safety Strategy
Flushing KPC, KWD Ensures a maximum depth of Evaporative Cooling
control TBP layer within which sufficient :

heat transfer due to aqueous
phase evaporation is
demonstrated to prevent red oil
explosions in KPC EV2000 and
downstream vessels :
Process level KPC, KWD Ensures that the minimum Evaporative Cooling

control water-to-TBP mass ratio of 1:1

is maintained
Process temp KPC, KWD, SPS | Ensures that the heat input from | Evaporative Cooling
control external sources (e.g., steam: ;?

from SPS) remains withind
limits assumed by analy
Drip Tray KPC, KPB, KWD, | Ensures that a samp@ts taker
sampling KCD, KPA to establish the sdiirce of th
control leak and ensugé di

TBP Prevention

jet
Process “KCA, KPB, KWD, Conf irms the
sampling KCD, KPA «

control

TBP Prevention

Reagent DCS

Heat Transfer and
sampling oF nate charactenstlcs Evaporative Cooling
control d into the process

: hat KPA slab setfieris | TBP Prevention
f IIed wuth aqueous phase before
rocess solution potentially
ontaining organic material is
added to prevent sending bulk
quantities of organics
downstream for potential LFL
and red oil issues

Settler Preload | KPA -
control

The objective of the density sampling controls, consisting of density transmitters and
controllers, is to ensure that a chosen maximum concentration of soluble TBP is not
exceeded prior to transferring solution to vessels where any separate phase TBP is to
be prevented. These controls are implemented in the KPA control tank to prevent TBP
transfer to the KPC unit, in the KCA batch constitution tanks to prevent TBP from
reaching the KCD unit, in the KPB alkaline waste tank to prevent transfer of any
separate phase TBP to the KWD unit, and in drip trays located in the KPA, KWG, and
KCD units. It is stated that the location of the sampling points and associated
administrative IROFS will ensure that the samples are representative of a well-mixed
tank or vessel and the sample vial traceability, sampling integrity and .communication of
results from the laboratory to the control room are preserved. These features of the
sampling process, which can be regarded as an AEC supplemented by an administrative
control, are designed to make TBP migration leading to a ROE highly uniikely.

47
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The slab settler in the KPA unit is credited as a PEC to prevent separate phase TBP
transfer to the KCA unit. Administrative controls are imposed on the operation of the
slab settler to ensure that the operators implement pre-load procedures and additional
density instrumentation is provided to ensure that it operates as designed. The
operation of the slab settler is evaluated in Chapter 5 and its possible failure to perform
its function is analyzed in Chapter 6.

In some process vessels where sufficient soluble TBP could accumulate to eventually
become a separate phase, administrative flushing controls are imposed to fiush out the
vessels periodically to ensure that the amount of accumulated TBP remains below a pre-
determined limit. Administrative controls are also imposed to sample leaks in drip trays
to ensure that organics are not transferred by steam jets. Administrative sampling
controls are employed to sample for organics before allowmg transfer to vessels that
operate above the solvent temperature safety limit. -

The controls implementing the TBP prevention str
failures or operator errors, or the formation of emulsi
that are subsequently transferred to downstreamg@??%ts The
these controls on the likelihood of a ROE are andly

yg}?’”’ phes 'at adequate room cooling prowded by the faCIlltys

success of this i
ilable: Tl

HVAC system i
even at low te reactlon rates are low, that vessels will heat up if they
are adiabatic and the io:-means for cooling.

According to the ISA S ary “the heat transfer strategy [is] applied to various process
vessels in the KPA, KPB, KWD, KWS, and LGF units.”

The IROFS controls used to implement this strategy are as follows: vessel geometry, a
PEC, coupled with process temperature control, an AEC. The ISA Summary states that
using models of red oil reaction kinetics and energy generation, it was analytically
demonstrated that heat transfer to the surroundings from those vessels where the
strategy will be employed is sufficient to prevent any runaway red oil reactions. The
temperature controls employed are based on preventing solvent explosions, for example
from.the combustion of the diluent HPT, which has a LFL much lower than the initiating
temperature of a red oil event. Implementation of these temperature controls is
conservative with respect to the red oil phenomenon and provides -an addltlonal margin
of safety for preventlng ROEs.

The other IROFS used in the heat transfer strategy are process vessel off-gas venting
and sampling controls on the diluent to ensure quality.

Ofﬁ(l'rfal Us(é 07(y
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In vessels that employ the heat transfer strategy for maintaining a proper heat balance,
the evolved gases must be vented, even at low reaction rates, to prevent any
overpressurization that could in turn raise the temperature and the reaction rate. The
ISA Summary indicates that “vessel vent sizing is based on widely recognized criteria for
red oil vent sizing”, an apparent reference to the criterion established by Fauske for
successful venting to prevent runaway reactions. The ISA Summary also states: “vessel
vents are PEC with a high degree of reliability. Vessel vents are designed to perform
their safety function considering all credible failure modes. Therefore, redundancy is not
required.”

The heat transfer strategy applies to process vessels at lower temperatures (50°C —
55°C and below) where the heat generated in any TBP-acid reaction can be adequately
removed passively by dissipation to the cell environment. The success of this strategy
depends mainly on the availability of room cooling, i.e., thé’%’- roper functioning of the
HVAC system of the facility. The failure of the HVAC sys has implications for many
other potential accidents besides a ROE. Thus failure, h heat transfer strategy has
not been investigated in this study as it would have gf»‘ atly larged the scope of the
study.

4.3.4 IROFS for Evaporative Cooling Stra

as venting, (4) densnty control
f process level, (6) administrative
control of process temperat%%x 7 inistrative  control  of flushing, and

(8) administrative control of re: gemtg‘

For those vessels or tan

energy from both chemi
processing, the
that the large late
be sufficient to
and nitric acid pro

and the external heat input needed for
evaporatlve cooling. Evaporatlve coollng assumes '

he amount of a separate organic phase overlaying the
aqueous phase is | : not to impede heat transfer by evaporation, (2) adequate
venting capacity is avala le to remove the vapor and other gases that may be
generated, (3) the external heat input is limited and (4) the aqueous mass is replenished
to maintain a minimum aqueous-to-TBP mass ratio. If the aqueous inventory is
replenished, the maximum temperature that can be reached in the presence of adequate
venting and, consequently, the absence of significant backpressure, is the nitric acid-
water azeotropic temperature of 122°C (251.6°F) associated with the maximum nitric
acid concentration of approximately 68 wt%.

The ISA Summary indicates that “in the absence of HPT, the parameters to be controlled
and their associated limits are as follows: minimum water-to-TBP mass ratio of 1:1,
maximum TBP layer depth of 34 centimeters (cm), maximum process solution
temperature of 122°C (251.6°F), and an open (adequately vented) system. In the
presence of 5% HPT, the maximum TBP layer depth is reduced to 26 cm.”

It is also pointed out in the ISA that “in the absence of a separate aqueous phase, if the
initial solution temperature is limited to a maximum of 80°C (176°F), over 600 minutes

4-9
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(10 hours) is required before the solution temperature resulting from TBP/nitric acid
reactions ramps up exponentially. Injection of an aqueous phase (at ambient
temperatures) to fulfill the 1:1 minimum water-to-TBP mass ratio at any time during this
interval will quench the reaction and maintain the system within a safe operating
regime.”

To control the parameters needed to ensure the success of the evaporative cooling
strategy, the density controls used for preventing migration of separate phase TBP to the -
KPC unit are employed. However, some accumulation of soluble TBP can occur in the
first stage evaporator of the KPC unit that can eventually lead to the formation of a
separate organic phase on top of the agueous phase in the evaporator or a transfer of
TBP to the concentrates tank in the KPC unit.

By controlling the amount of soluble TBP transferred to the KPC unit below a level of
50 mg/l, the maximum amount that can accumulate based &ry\} t_he process flow rate is
about 42 liters of TBP per year. An administrative flusbt§ g’ control is implemented to
flush out the vessel every six months to limit the makir accumuiation of TBP to

mtamed along with the

ensure that the minimum aqueous-to-TBP mass ¢

a‘%@ is
maximum TBP Iayer depth. The ISA mentions tlaatﬁas part e, evaporative cooling
strategy, there is “an administrative control cop sistlng of operato?g}ctlon to periodically
flush applicable vessels ensuring a maximum e tb Qfg"TBP layer, within which sufficient
heat transfer due t0 aqueous phase evaporatlon monstrated" [4-2, page 5.3.6-65].
This should effectively limit the residene
limiting residence time in plpes the |
system as being “designed to effi C|ently
Systems are laid out so as to i

déWith a Iow head and small flowrates.
ps dead spots and other volumes that

se'o:;process temperature controls, which consist
frolsto’maintain process solution temperatures within
Is are used to shut the KPC unit evaporator if there is

solution level wh% the tempP ature reaches 80°C (176°F) to ensure the maintenance of
the aqueous-to-TB ass ratio. In the case of a potential red oil event in a vessel,
based on the reactio ef%s and heat generation, the temperature controls applied are
bounded by those us lyfor protecting against solvent explosion events. Since the
temperature limit for solvent explosions is more restrictive than for the prevention of red
oil, these controls (detailed in Section 5.3.6.2.6 of the ISA) are conservative and credited
for prevention of a red oil event [4-2, page 5.3.6-64].

The offgas system is designed to provide an exhaust path for evaporative cooling of the
aqueous phase in any of the process vessels where a ROE may have a potential to
occur. The ISA [4-2, page 5.3.6-66] states, “in order to ensure that adequate heat is
transferred out of the system via evaporation (evaporative cooling) and the vessels are
not overpressurized, appropriately sized off-gas vents are utilized.”

Administrative controls on reagent sampling ensure that the diluent HPT does not
contain- any contaminants like cyclic chain hydrocarbons that could initiate a ROE at
lower temperatures. This is accomplished by checking the flashpoint of the fresh diluent
to make sure that it is within acceptable parameters.

4-10
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According to the ISA Summary, the use of “industry codes and standards” and the
“management measures ensure that the selected IROFS are reliable and available upon
demand; thus, providing additional assurance that it is highly unlikely to expose the
facility worker, site worker, individual located outside the controlled area boundary, or
the environment to potentially unacceptable consequences associated with this event”.

The controls that implement the evaporative cooling strategy, in terms of the success
criteria listed above, can potentially fail due to equipment failures and/or errors on the
part of operators to implement administrative controls. The implications of these failures
on the likelihood of a ROE are evaluated in Chapter 6 below.

4.3.5 Defense-i'n-Depth

The ISA Summary also points out that in addition. to the IROFS there are several
defense-in-depth features that protect the workers “in the highly unlikely case a red oil
explosion” take place. These features include: rigid proce§s'vessels and pipes that can
withstand a S|gn|f cant amount of energy release, pro{gﬁe ﬁg%barriers that will contain

ctignragainst a red oil event. These

/eam feeds, vessel level controls,

include controls on the aqueous and
properties of the diluent, such (nsity, eIp 6 separate the aqueous and organic

h as settling zones of the mixer-settlers. In
addition, normal process é pera recontrels on vessels help to reduce the potential
challenges to the IROFS precessitem 33g,z’lre controls and maintain a margin below the

ormal nitric acid controls also help to maintain nitric acid
re the exothermic reactions may be of concern in

concentrations
leading to a ROE

4.4 Referenc
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Construction Authorization Request for the Mixed Oxide Fuel Fabrication Facility
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DCS (Duke, Cogema, Stone & Webster) was the applicant at the time the CAR
was issued. They have since been replaced by Shaw Areva MOX Services.

Shaw Areva MOX Services, presentation to BNL team, June 8, 2008.
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5. MOXFACILITY OPERATIONS RISK RANKING

The MOX facility consists of the following:

. Aqueous Polishing (AP) -
. MOX Fuel Fabrication (MP)

The MOX AP process consists of four main areas. They include: (1) Plutonium
Purification, (2) Recovery Processes, (3) Waste Storage, and (4) the Offgas Unit.

Figure 5-1 illustraies the AP process units that consist of: (1) the dissolution unit (KDB),
(2} the plutonium purlfication pracess unit (KPA), (3) the solvent recovery unit (KPB),
(4) the oxalic precipitation and oxidation unit (KCA), (5) the oxalic mother liquor recovery
unit (KCD), (6) the acid recovery unit (KPC), (7) the offgas treatment unit (KWG), (8) the
aqueous waste reception unit (KWD), (9) the solvent was af=ception unit (KWS) and
(10) the laboratory liquid waste reception unit (LGF). i and output flows from each
of these units are shown in Figure 5-1 that is reproduc Rae MFFF LA [5-1].

(b)(2)High
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5.1 Process Description '

Weapons-grade plutonium-is received from the proposed pit assembly and conversion
facility, and from AFS at the Savannah River site. The plutonium is milled into a powder
form and then dissolved in a nitric acid medium with silver as a catalyst to promote
dissolution. For the AFS, however, dechlorination is required before dissolution if the
chloride content is greater than 500 ppm. According to the ISA Summary [5-2, page
4.2.5-3], the process takes place at temperatures ranging from 20°C (68°F) to 40°C
(104°F). Plutonium nitrate is then fed to the purification cycle, where plutonium is
extracted through a solvent ‘extraction process, using TBP in an organic diluent HPT,
- that is, a modified Plutonium Uranium Recovery by Extraction (PUREX) process. The
extraction process removes impurities, such as gallium and americium, and the purified
plutonium nitrate is fed to a continuous oxalate calcination process that converts it to a
plutonium dioxide powder. The oxalic mother liquors produeed in the precipitation to
oxalate are recycled to the oxalic mother liquor rect ry unit. The solvent is
-regenerated in the KPB unit and the acid is recycled J@%&ﬁ&e%KPC unit. The liquid waste
storage tanks contain low and high level alpha ligiids, stnppgw‘”\uranlum and organic
waste streams received from vanous processes i in the AP process for temporary storage
it for final dl%%sal

The accident risk space for ROEs can b
generic risk of ROE due to the occurr
potentially happen in any of i \fe pr ess umts and serve as an external energy
source to raise the temperat ” -orgamc phases to a level where the autocatalytlc

successively, di
and butanol.

Butanol has a low flasm%pomt of around 40°C (104°F) and a relatively low boiling point
(117°C [242.6°F]) and is, therefore a potential combustible hazard in case of a fire. The
~ degradation rates for TBP increase with temperature and nitric acid concentration and
above a certain temperature the degradation, which is exothermic, proceeds at a fast
enough rate to generate large amounts of heat and flammable vapor. The heat
generated increases the bulk liquid temperature and, therefore, the rate of reaction and
can ultimately lead to an autocatalytic reaction.

Generic hazards that can impact the risk of ROE include the following:

1. Internal fires in process cells that may occur due to other than process-related
causes; ]

2. Natural phenomena hazards such as seismic events, external floods, tornadoes,
and external man-made sources such as pipeline explosions, etc.

3. Loss of offsite power events, include loss of all AC power, i.e., station blackouts,

that can potentially impact the functioning of vital safety systems.

Ofﬁ‘\éal Ude gfﬂy | o
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According to the ISA Summary, the applicant has taken measures to render internal
fires, due to other than process-related causes, highly unlikely by ensuring that there is
either a lack of ignition sources or a very low combustible loading in the AP process
cells. The detailed justification is provided in a supporting document [5-3].

External hazards, other than seismic events, are alsd not a concern at the facility due to
their low potential likelihood and the exterior features of the MFFF. The justification for
the exclusion is contained in two supporting documents [5-4 and 5-5].

Seismic events have been implicitly treated as a potential cause of process upsets in the
analysis that could lead to ROE or other related accident outcomes. The applicant has
chosen to apply seismic gualification measures to the IROFS that provide protection to
-process cells or vessels. For example, all primary confnement boundaries for the KPC
acid recovery unit that are identified as IROFS for protectlon j}galnst loss of confinement
events are also required to be seismically qualified as are ve and passive engineered
IROFS that must provide a safety function during a seise ent {5-6}.

The basis for the design of the electric power gSystems in the: MFFF is provided in
Reference [5-7]. The power system provides ):gripbwerﬂsupply durmg normal operation,
abnormal operation, design basis accident (DB ions, and during loss of offsite
power. Normal power is supplied by offsite powe ces and consists of two separate
and independent sources. The normal pow )
code (UBC) earthquake standards. ﬁf{ )
system consisting of emergency diese

standards. -

o L
hquakgg% and-sf*all normal, off-normal, and accident environmental
is capable of maintaining full operation of emergency loads for at

for design basi
conditions. The
least 7 days.

Certain IROFS loads arejpowered from the Uninterruptable Power System (UPS). The
UPS will furnish power to designated 120 VAC and 480 VAC important loads. It is
stated that the UPS may be either battery or mechanical storage type. The UPS will
comply with IEEE 446 and will be designated Class 1E or standby type depending on
load served. The UPS comprises of two essential inverter sets. The first inverter set
provides power to loads like fire detection, fire control, criticality accident alarms, health
physics monitoring, and communication systems. The first essential set will be capable
of supplying power for at least 60 minutes. The second inverter set supplies only loads
designated as IROFS. It will also be capable of supplying power for at least 60 minutes.
It will also supply power to loads such as stack release monitors, seismic detectors, and
IROFS HVAC instrumentation. The HVAC equipment providing heatlng/coollng to the
UPS battery room is de5|gnated as an IROFS.

Based on this description of the power systems at the MFFF, a station blackout event is
likely to have a low frequency of occurrence.

_ 5-3
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While the generic risks initiated by events like internal fires or external hazards, such as
seismic events, have the potential to eventually lead to a ROE, they have not been
analyzed specifically in this study for two reasons. First, according to the ISA Summary,
the licensee has taken a large number of steps and actions through measures, such as
IROFS, to reduce the likelihood of fires as well as the likelihood of externally initiated
event sequences to low values consistent with the highly unlikely category of event
frequencies. Second, ROEs are only a small subset of the outcomes of generically
initiated event sequences; hence, a consideration of generic initiators would greatly
enlarge the scope of the study, which is limited to ROE alone during normal faciiity
operation.

5.3 Unit Operation Risks

There are eight process units within the AP process where organics and nitric acid either

contact each other during normal operation or have the potel ential to come into contact.
These are: (1) KPA, (2). KPB, (3) KCA, (4) KCD, 5)/%?(; (6) KWD, (7) KWS, and
(8) LGF.

These eight units are potential candidates where ROEs can occ
focused on units (1) through (5) since the pg¢ inditions
somewhat higher risk of a ROE compared 1o uni
necessary conditions for the initiation of the auto”
of the five process units is reviewed below,
sequence of operations, and the condi

. ‘f the equipment it employs, the

2

. i
éihe operations occur.

5.3.1 Purification Cycle -

5
drom the KDB unit is received and the

In the purification cycle, .
"for impurities. The inputs to this unit shown

plutonium is solvent extra
in Figure 5-2 are as follaws:

. raffinates (solvent lean, residual feed solution with one or more components
extracted) to acid recovery unit (transferred in batches)

. solvent/diluent to solvent recovery cycle (continuous transfer)
. stripped uranium solutions to aqueous liquid waste reception unit (batch transfer)
. purified plutonium to oxalic precipitation and oxidation unit (batCh transfer)

Plutonium nitrate solution from Dechlorination/KDB units is batch fed to feed tank
TK1000.

5-4
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PULS 2000

Pu (IV) in 4.5N HNO3; aqueous solution is extracted by solvent (30% TBP in HPT) in
pulsed extraction column PULS 2000 which is the primary extractor that transfers
plutonium and uranium to the organic TBP phase leaving the impurities and nitric acid in -
the aqueous raffinate. .

The chemistry of the process described is represented by the equation below:
PU(NO3)4 + 2 (C4Hg)3PO4 e d PU(NO3)4 2 (C4Hg)3PO4

The Pu (IV) nitrate/TBP complex formed has very low solubility in aqueous solutions of
moderate strength HNOj. The extraction coefficient for Pu (IV) in TBP is a function of
nitric acid concentration and temperature. The operating conditions for high extraction
efficiency are described in the LA [5-1, page 11.2.6-4] »as  being a nitric acid
‘concentration = 4.5N HNO; and temperature of T= 30°C (i :

The flow rates, temperature, nitric acid concentra' essure of the extraction
process are as follows:

The organic phase to the aqueous phase flow T Sg§[5-1, pag1 1.2.6-4]
Temperature: Ambient
Pressure:

Nitric acid concentration:
Pressure relief is provided

external energy addition or
very iow energy in it

@whe scrubbing system. There is very little
116 e process. The pulsation generator provides
there is no heating or cooling.

| _ Input and outpu

Aqueous phas
Organic phase ir

By airlift under flow control
Under fiow control

Aqueous phase out: By airlift under level (interface) control
Organic phase out: By airlift from overflow

~ Because of relatively low temperature (ambient), the rate of red oil formation is expected
to be low.

However, PULS 2000 is the first potential source contributing to either having organics in
the agueous phase or nitric acid in the TBP phase. Events that may cause a contribution
to red oil formation in downstream equipment are listed below:

. Incomplete separation

— Emulsion formation
— Smaller droplets

Ofﬁ?al u{se ov4|y
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~ — Wider droplet size distribution
— Inadequate coalescence

. Extraction of HNO; in TBP (Depends on solubility and partition coefficient)

. Flooding

»  Restriction in outlet flow or airlift failure

. Reduction in density difference (due to lower diluent concentration or lower acid
concentration)

. Formation of a third phase

*« . Formation of a significant rag layer

. | Interface detection instrument failure

Following extraction, the aqueous raffinates are
scrubbing .column PULS 2100 (to remove tr. _
fluorides by a zirconium nitrate solution, tran raffinate receptlon tank TK9000.
The impurities are further processed |n the . stream. The aqueous raffinate

stream goes to the acid and waste uni essing and, ultimately, to DOE
for waste processing. ’ '

PULS 2100

PULS 2100 is used to remi

15L

Aqueous phasei{fitric acid

The aqueous phase to the organic phase flow ratio is 50. [5-1, page 11.2.6-5]

Temperature: Ambient

Pressure: Atmospheric

Pressure relief: | Vented to scrubbing system

Nitric acid concentration: -3.7 Normal (approximately 21.0 wt%)

There is little external energy addition or removal. The pulsation generator involves very
low energy input per mass, and there is negligible heating or cooling.

5-7
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Input and output flow control:

Aqueous phase in: By airlift under flow control

Organic phase in: Under flow control ’

Aqueous phase out: - By airlift under level (interface) control.
- Organic phase out: By airlift from overflow

This equipment is designed to reduce the probability that TBP and other organics, which
may be present in the raffinate, will enter the downstream equipment and therefore it
reduces the probability of red oii formation. This is accomplished by washing the
raffinate with a hydrocarbon diluent and thereby extracting any TBP that may be present
in the raffinate from PULS 2000 (see above). The hydrocarbon diluent, HPT in this case,
is resistant to nitric acid attack.

The aqueous phase leaving the KPA unit goes to various inte
- passing to the KPC unit where nitric acid recovery operatlo A
normal operating conditions, the operation of PULS 21
at removing TBP from the aqueous raffinate to allow
TBP detectors (designated IROFS) in the downst
sampling detection limit of 50 mg/L. Table 5-1 Shows the,solubilit
(77°F) in agueous solutions as a function of nlth;aCI
conditions prevailing in PULS 2100, the solublllt;% . is approximately 0.266g/L. To

reduce this below the detection limit of 5 /L imp ;%;s‘;}@;hat the extraction efficiency of

TBP extraction in PULS 2100 should b& gre ergt{han 84@{9 This is believed to be readily
achievable in units of this type.

%@emate tanks before

are carried out. Under

should be sufficiently effective
S

rocessito function since the

‘ K- 9100 have a

TBP at 25 °C

oncentratlon Under the

,)??A ous Wifric Acid Solutions at 25°C (T7°F)

Table 5-1. Solubility of TB
ind Teehnoloﬁ“%@f Tributyl Phosphate [5-8]).

(Source: Scieng

Conc. HNO;, Solubility,
Molarity g TBP/L
2.78 0.304
3.09 0.304
3.16 0.266
4.01 : 0.266
5.26 0.203
6.41 0.178

7 0.133
8.5 0.133
9.61 0.185

- 9.92 : 0.147

11 0.170

12 0.328
13.1 0.328
13.8 0.666
15.6 1.704
15.9 1.217

5-8
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If operated properly, HPT should replace, or at least dilute the organics in the raffinate.
However, if a stable emulsion is formed in PULS2000 and carried forward to PULS2100,
it is unlikely that pure HPT wash would break the emulsion.

Possibility of Red Oil formation:

This equipment, operating at low temperature and with mostly HPT as the organic
phase, is uniikely to contribute to red oil formation. It should be mentioned that while
HPT itself is resistant to nitric acid, the impurities present in commercially available HPT
might not be as resistant. Quality control of incoming HPT, especially with regard to its
bromine number (degree of unsaturation), is  crucial. This feature is specifically
mentioned in the ISA as a quality assurance item since HPT quality is designated as an
IROFS.

Contribution to Red Qil formation in downstream equipment: £

This equipment with the diluent as the only organi

does not increase the
probability of red oil formation in downstream equipment: '

PULS 2100 Events:
(See list under PULS 2000)
PULS 2200

9 wt%) in the pulsed scrub{%
been co extracted in the v

Puised liquid-liquid extraction column with trays or
packing

Equipment type;s

Chemical Inventory:

Organic phase: TBP and Diluent 11.6 L
Aqueous phase: Nitric acid 15 L

The aqueous phase to organic phase flow ratio is 0.3. [5-1, page 11.2.6-5]

Temperature: Ambient

Pressure: Atmospheric

Pressure and pressure relief: Vented to scrubbing system

Nitric acid concentration: 1.5 Normal (approximately 9.0 wt% nitric)

5.9
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External energy addition or removal:

Pulsation generator: Very low energy input per mass
Heating and cooling: None

Input and output flow control:

. Aqueous phase in: By airlift under fiow control
Organic phase in: . By airlift under flow control
Aqueous phase out: By airlift under level (interface) control
Organic phase out: By airiift by overflow

Possible Events:

This equipment reduces the probability that HNO3 (which rpfay‘:gbe present in the solvent

phase) will enter the downstream equipment and thee"/i"’e reduces the problems
associated with red oil formation. This is accomplished by f,ashmg the solvent phase
with dilute nitric acid and thereby extracting any dissglved nitri¢ acid that may be present

in the solvent from PULS2000 (see above).

e concentrated acid or at least
on is formed in PULS 2000 and
y help break the emulsion due

Under normal operations, the dilute nitric acid*
dilutes the nitric acid in the solvent. If a stable
carried forward to PULS 2200, contac
to the difference in pH.

Red oil formation:

Because of relativelf » att @(about 30°C [86°F]) and dilute nitric acid
(1.5 N or 9 wt%), the rate: ‘oilzformation is expected to be very low; in fact,

This equipment with

dilute acid as the aqueous feed does not lncrease probablllty of
red oil formation in dow,

m equipment.

PULS 2200 Events

(See list under PULS 2000)
PULS 3000

This step of the process performs a valency adjustment in PULS 3000 Pu(lV) in the
solvent phase from PULS 2200 is reduced to Pu(lll) with 0.15M HAN (hydroxylamine)
solution and then re-extracted in acidic water (0.1N nitric acid or 0.7 wt%). The
plutonium stripping (i.e., reduction reactions) by HAN outlined in the LA [5-1, page
11.2.6-25] are:

2NH,OH" + 4Pu** - 4Pu™ + N,O (g) + H,0 + 6H" and
2NH;OH* + 2Pu* — 2Pu*® + N, (g) + 2H,0 + 4H"

5-10
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‘These reactions are exothermic, and proceed rapidly while the reaction rate increases
with temperature and concentration. Both solvent and aqueous phases are first heated
to about 65°C (149°F) to accelerate chemical reduction of Pu(iV).

Equipment type: Pulsed liquid-liquid extraction column with trays or
packing

Chemical Inventory:

Organic phase: TBP and Diluent =14 L
Aqueous phase: Nitricacid =251L

The organic phase to:aqueous phase flow ratio is.1.3 [5-1, page 11.2.6-7].

Temperature: Maintained below 48°C118.4°F)

Pressure: Atmospheric
Pressure and pressure relief:

Nitric acid concentration:

External energy addition or removal:

Pulsation geherator: .
Heating and cooling:

5 nput per mass
f acid feeds are heated

Aqueous pha
Organic ph

By airiift under flow control

By airlift under flow control

y airlift under level (interface) control
By airlift by overflow

Possible Events:
The PULS 3000 events are the same as those listed under PULS 2000.
Red oil formation:

Despite the higher operating temperature, the rate of red oil formation is expected to be
very low because of the very iow concentration of nitric acid (0.2N).

in terms of contribution to red oil formation in downstream equipment, it is possible that
the acid phase may transport organics to the downstream equipment due to solvent-acid
contact.

The stripped p.lutonium is washed with diluent in the pulsed scrubbing column
PULS 3100 to remove any traces of organic material before the final valence
adjustment. Any remaining U in the stripped Pu aqueous phase is separated from Pu by

5-11
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solvent extraction in the pulsed scrubbing column PULS 3200. For batches with low U
content, a bypass of PULS 3200 is available.

intermediate Tanks (TK9000, TK9500, TK9100, TK1000, TK1500)

. It is assumed that, along with the raffinates, some organics are fed to these tanks. In the
tanks that are not mixed, the organics will form a separate upper layer unless a stable
emulsion is fed to the tank, in which case there will be a single emulsion phase along
with ‘a bulk phase. Location of the emulsion in the tank will depend on its composition
and, therefore, its apparent density. "

The MFFF process relies heavily on tank mixing in application of its IROFS. Tanks need
to be well-mixed in order to effectively apply the heat transfer strategy, as well as
perform representative sampling of the tanks’ contents. If the vessels are not well-mixed,
then hot spots or uneven heat distribution can occur. Similagly; a sample taken from an
unmixed tank can imply that there is little or no TBP present. even if that isn’t actually the
case.

| an air spargmg pipe [5-2, page 4.2.6- 21
safe and homogenized with compresse

train.

IROFS” process sampling controls to ensure that
.the solution is sufficiently low (below the sampling
nts are transferred to vessels further downstream.
These controls : (1) a separate phase layer of TBP and (2) greater
than 50 mg/L of W f@mfrom moving to downstream vessels. This assumes that
the tank is well-mix dmand therefore any organic phase (lighter layer) will not
accumulate in the tank lf’the light phase is not removed frequently, then it is possible
that a portion of the organlcs will remain in contact with the acid for a long time.
Therefore, despite a low tank temperature and relatively low nitric acid concentration,
there could be some red oil formation.

Control Tank KPA TKm§1O |
maximum concentrd t%&g@_ '
iimit of 50 mg TB «

Tanks are at atmospheric pressure and vented to-the scrubber system. The only heat

removal is through the tank walls to the atmosphere by natural convection. The amount

of heat lost to the atmosphere is a function of the liquid level in the tank. The following
- (qualitative) scenario may be of some concern.

At low liquid level, if there is some exotherm due to the onset of a chemical or radiolysis
reaction, the temperature of the tank contents will rise. Essentially only water will
evaporate because the aqueous mixture composition is below the azeotrope on the
water side. Water evaporation will 'increase the acid concentration and therefore
increase the reaction rate. Additionally, loss of water will decrease both the total mass
and the liquid specific heat and thus the temperature rise will be greater for the same

; 5-12
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heat generation, further increasing the reaction rate. Howaever, the tanks are provided
with temperature sensors that would aliow the operator to take corrective action in case
of a rise in temperature and terminate any self-heating chemical reaction.

5.3.1.1 Summary of ROE Risk in the KPA Unit

Based on the discussion of each of the operations in this unit, the overall risk of a ROE
is judged to be low due to two main factors: either the operations are conducted at
relatively low (ambient) tempsrature or they involve very low nitric acid concentration.
However, as outiined in the analysis of events that can occur in the extraction process in
PULS 2000, it is possible that this unit can serve to introduce organic material to places
it is not intended to go through features that are intrinsic to liquid extraction processes.

5.3.2 Solvent Recovery Unit

cted in Figure 5-3. The
sianperature of about 50°C
. degradation products,
ctions. A 2-stage
3¥-stage caustic soda
e- hydrazoic acid is soluble in
s fed back and recycled into the

The solvent recovery cycle operation is schematically
solvent TBP is received from the purification cycle g8
(122°F) and undergoes a series of alkali washes
like DBP and MBP, and hydrazoic acid left ow
sodium carbonate wash at ambient temperat
wash to further remove the-degradation pro
TBP it is necessary to remove it before the solW
KPA. The chemistry of HN; removal is gliliined in

(b)(2)High

f5-1, page 11.2.7-3] as follows:

Using sodium carbonate: 2HN; + Na,CO, - 2NaN; + H,CO,

Using caustic soda: HN3z + NaOH - NaN; + H,0

' 5-13
Oﬁyél)ée O/(ly _



Ofﬁ?{al'uf Or% |

The DBP and MBP migrate from the organic phase to the aqueous phase after the
alkaline wash. The aqueous wastes after washing are subjected to a diluent wash in a
mixer-settier battery at ambient temperature to further remove any traces of entrained
solvent. The washed solvent is returned to the KPA via a dosing pump. Pure ‘TBP
makeup is added as needed to adjust the TBP content of the washed solvent.

5.3.2.1 Summary of ROE Risk in the Solvent Cycle Unit

The risk of a ROE in 'this unit is judged to be very low mainly due to the alkaline
environment in which the operations are performed.

. 5.3.3 Acid Recovery Unit

The function of the acid recovery unit shown in Figure 5-4 is to recover concentrated
nitric acid for recycling in the overall process, concentra‘té the radioactivity in the
effluents for sending it to the liquid waste unit, and recover the distillates from the
rectification column for use in the KWG and KPA unit cid recovery unit receives
the extraction raffinate from the purification cycle, oxall motherliquor distillates from the
KCD, KWD, and KWG units, and effluents from th Boratories ;nbatches Active liquid
effluents are continuously received from the<o ) eatmen’ﬁeqmpment ventilation
system.

Red oil formation and decompositio ccur in the evaporator area
because of its higher operating temp itric acid concentration. The
acid recovery evaporators, EV2000 : 9@@ and the rectlﬁcatlon column,
CLMN2500 are used to sepa -
concentrate it to near azeotrg

The discussion below as§u arious failures of controls discussed further
in Chapter 6, a suffici of organics has either entered the evaporator train from
the previous unit o er accumulated due to administrative failures to flush
out the system the evaporator, whether the organics will form a

. The evapor or-design, more specifically the degree of mixing

. The concentration of nitric acid, which affects the degree of solubility of the
organic solvent in the aqueous phase (the evaporator temperatures are higher
than the previous unit operation and thus the aqueous phase will tend to dissolve

a higher amount of organics.)

y 5-14
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Evaporator EV 2000

This evaporator is fed acidic raffinate, vent scrubber liguid from the offgas treatment unit
and waste streams from the laboratory from Feeding Tank, TK1500. It separates volatile
acid and water from the insoluble salts. Vapor for the evaporator is condensed and re-
evaporated in EV 6000. The bottoms containing acid and non-volatile salts are sent to a
waste handling system.

Type: - ‘ Evaporator body for vapor/liquid separation with external
thermosiphon reboilers.

Operating temperature: ' 65°C (149°F)

Operating pressure: 100 mmHg absolute

Heated by: Temperature controlled water
Heat removal by: ' Water cooled condenset

Vacuum generation by: Liquid ring vacuu

Feed: Continuous
Distillate removal Continuo
Bottoms removal - ’

" Areas where conditions necessary

o BA [5-1, page 11.2.12-1] states,
“Concentrates from the first evaperator are@ l:aw off several times a day at a constant
rate by an airlift.” It is not cleal;g)fﬁthe%vaporator is completely drained or not. If |t is not
completely drained, and |fAhere |s‘*“*é‘%

will continue to. accumuldte Q&/ﬁae

g

possible to continue v\ratlon% h a variable (espeCIaIIy low) liquid level.

The feed liquid & d
high boiling aze % at abo§t68 wt% acid (13.5 N), wh|ch has a normal boiling point of
about 122°C (251“§ 4 atmospherlc pressure and, according to Boulblik [5-3], at about
72°C -(161.6°F) at 10 ‘m ,Vg, the EV 2000 operating pressure. Simpie distillation or
- evaporation can not inCrgase the acid concentration beyond the azeotropic value if the
starting material concentration is below the azeotrope. At concentration below the
azeotrope during evaporation, the vapor will be rich in water causing acid concentration
in the liquid to increase, until it reaches the azeotropic concentration. Once the
azeotrope is reached, the vapor and liquid compositions will be identical and thus no
further concentration will take place. Until the bottoms are drained, the acid
concentration in the liquid will keep rising and approach the azeotrope (68 wt% or
13.5N). This acid concentration is well above the 10N limit recommended in the literature
for safe operation. Accident scenarios that may develop from this condition leading to a
ROE are analyzed in Chapter 6 using failure modes and effects analysis techniques.

Evaporator EV 6000

Distillate from EV 2000 is re-evaporated in steam heated EV 6000. Vapors from EV
6000 are fed to column CLMN 2500 for acid rectification; bottoms concentrate is
intermittently removed and recycied to EV 2000.

5-16
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Type: Evaporator body for vapor liquid separation with external thermosiphon reboilers.
Vapors fed to CLMN 2500. '

Operating temperature: ~120-122°C (248-251.6°F)
Operating pressure: Near atmospheric'

Heated by: Steam under pressure control
Heat removal by: Water cooled condenser
Feed: ' Continuous

Distillate removal Continuous

Bottoms removal intermittent

Areas where conditions necessary for ROE could exist

EV 6000 has the same areas where conditions necessar»y for ROE could eX|st as
|nd|cated above for EV 2000. If organlcs do enter :

. hlgher operatlng temperature 122°C (25 ,@;f,) ersus 65°C (149°F)

higher heat source temperatur
higher tube wall temperature

therefore the temperatugg@m@ould incre.
. Any obstruction to vaperiflow in
increase rebonler P 1

exceed cond c )00 capacity, causing increased back-pressure

EV 6000 in sufﬁo,;w

‘ o be of concern from a ROE standpoint is significantly
lower than in EV 2

Q ; A Summary states that due to the aggressive conditions
in EV 6000 and CLM “the rate of TBP destruction will be faster than the rate of
TBP accumuiation in thes vessels. This is likely to be the case because the amount of
TBP that can reach EV 6000 beyond the sampling limit is small and since there is
frequent draining of EV 6000, very little is like to accumulate. Further the high operating
temperature will destroy the solubie TBP thus significantly decreasing the possibility of a
ROE. This is discussed further in Chapter 6 below.

Redtification Column CLMN 2500

Vapors from EV 6000 are rectified in column CLMN 2500. The feed is separated into
acid water as distillate and concentrated nitric as the bottoms product.

"The condenser CND'2800 is vented through a steam ejector to the vent system. Pressure in EV 6000 will
be almost the same as the pressure at the condenser (nearly atmospheric).

5-17
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Type: CLMN 2500 is a trayed distillation column with a water cooled condenser and a
steam heated reboiler.

Operating temperature: 120-122°C (248-251.6°F)

Operating pressure: Near atmospheric (see footnote 6)
Type of Internals: Multiple Bubble-cap trays

Feed location: Column middle

Heated by: Steam under pressure control
Heat removal by: Water cooled condenser

Feed: Continuous

Distillate removal Continuous

Bottoms removal Continuous "

Areas where conditions necesséry for ROE could exist

The areas where conditions necessary for ROE could
are same as that noted above for EV 6000.

the CLMN 2500 system

5.3.3.1 Summarv of ROE Risk in the KPC Unit

The risk of ROEs in the acid recovery unlt lS jud be higher than in the other units.
Operation at high temperature and high. i tration coupled with the feature
that the acid recovery unit receives inp

an equipment failure leading to
or adequate venting. Chapterg

ure, 5-5¢eoncentrates oxalic mother liquor received from the
tion effluent droplets from the oxidation and degassing
X the oxalic mother liquors in a subcritical evaporator to
destroy the oxalic ions. al emove the plutonium from the distillates. The distillate which
contains nitric -acid and’water is sent to the KPC as previously discussed. The
concentrate is recycled batchwise to the KPA.

‘ o 5-18
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The functions of the oxalic mother liquor recovery unit are:

1. Primary recovery of nitric acid that is then concentrated in the acid recovery unit.
2. Concentrate plutonium in the mother liquid bottoms (Concentrate) so that it is
suitable as recycle to the Pu purification section.

The primary production controls for these two streams to be suitably recycled are:

1. Concentrate that is free of oxalate ions, and -
2. Distillate that this is free of Pu.

Mother liquor during concentration is treated to relatively high temperature, (about 120°C
[248°F]), long residence time, and high nitric acid concentratlon to assure complete
destruction of the oxalate ions.

To obtain- distillate free of plutonium, the vapors from aporator are thoroughly

washed with clean reflux through a series of bubble

cluding organic phase detection
vent separate phase TBP from

page 5.3.6-62 of the ISA, where is it st%;%
the maximum concentration of TBP in SQEat )
to vessels where TBP (separa >

are taken from the following

‘ 2V IROFS process sampling controls
e o pratect downstream units vulnerable to a red oil
(o] pro?% t the KCD unit and KPA control tank to
mp‘lmg procedure, the 1SA [5-2, page 5.3.6-63]
associated administrative IROFS required to
of the contents of the tank (i.e., vessel isolation,
ne purging, sample vial traceability, laboratory

protect the KPC unit.” In
details, “these sam
ensure the samp@
vessel homogeni

ol re highly unlikely. However, in case these preventive
measures are ineffec r any reason, the principal concerns in this unit can be

summarized as follows

1. The conditions required for destruction of the oxalate ions, namely high nitric

‘ concentration, high temperature and long residence time are precisely the same

. conditions that promote red oil explosion. These conditions exist in this unit
operation as normal operating conditions.

2. The necessity of obtaining plutonium free distillate introduces a number of
complexities to the unit that may make rapid and reliable venting of generated
-gases difficult.

These risks are discussed below.
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The LA (5-1, page 11.2.11-2) provides the following process description:

The oxalic mother liquors, supplied from the feeding tank, are concentrated in the
natural-circulation thermosiphon evaporator. The. evaporator inciuded the following
componenis:

. A bojler used for evaporation of the feed solution and reflux from the rectification
column. It is a tubular exchanger. The heating fluid (steam) occupies the shell
side and the mother liquor to be evaporated circulates in the tubes. '

. instrumentation used for measuring the level, density, and temperature.

. A rectification column, which backwashes the steam, rectifies the acid and’
decontaminates the distillates.

Areas where conditions necessary for ROE could exi

 Operating Conditions:

As stated above, the normal operating condr ill pro?ﬁ% e a ROE in case a
sufficient quantity of organic material is prese 1 reliable and adequate venting
per the Fauske criterion or some other acceptabl on will have to be implemented.

Reboiler Temperature:

The reboiler is heated by a clo system that is separate from the plant
steam system. This is to preven contamination of the plant system with
plutonium for EV 3000. generated in EV 5000. The normal operating

temperature on the proce i 121 (248°F) (average bulk temperature). The
maximum tube wall temperat , is higher and is fixed by the maximum steam
- temperature. The maximum, stean temperature in turn is bounded by the maximum

either as a deliberate eating section in the steam generator (a more expensive
option in small steam ators) or as a result of pressure let-down between steam
generation point pressure and the use point pressure. This is mostly done to minimize
steam losses via condensation in the supply piping. For example, if steam were
produced at 10 Bar (atm) (1 MPa) in a standard boiler and used at 4 Bar (atm)
(0.4 MPa), the superheat would be a little less than 21°C. What is'more important is the
amount of heat available from superheat (less than 2 kd/kg/C) versus-that available from
condensation (2133 kJ/Kg). Because of high heat release and high condensing heat
transfer coefficients (versus convective coefficient for superheated steam), in reboilers
and other steam heated equipment the condition known as dry tube wall zone is rare.
For practical considerations, the assumption that the tube wall is at the steam saturation
temperature at the condensing pressure is reasonable as shown below.

The process control system controls the average process side _'bulk temperature. The
difference between the controlled temperature and the tube-wall temperature Ty, is a
function of individual heat transfer coefficients and heat load:
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Q = U*A*(Ts-Tp) = hs™(Ts-Tw) = hp(Ts-Tw)

Where,
Q = heat load, kW
A = heat transfer area, M?
U= Overall heat transfer coefﬂcnent kKW/M?/°C
hs= steam side heat transfer coefficient, kW/M?/°C
h,= process-side heat transfer coefficient, kKW/M?/°C
Tw = wall temperature, °C
Ts = steam side bulk temperature, °C
T, = process side bulk temperature, °C

Ignoring the difference between the tube wall inside and outside temperatures, the
above ieads to the average tube wall temperature as

- Tw = (hs*Ts+hp*Tp)/(hpths)

Typically, the steam side heat transfer coefficient (550 W/{M?/°C) is more than an
order of magnitude higher than process si efficient (400-600
kW/M?/°C), hence the above tube wall temperati

Tw=Ts +hp/hs*Tp

Or, Tw=Ts

The process side heat-transfe

such as whether it is foule:
physical material propertie
is vaporized is a strggg@tu
maintained dunng peraﬁ’@n.
coefficient is o sbout<or
transfer coefficie]
In fact, the steam ;
accurate measure ofth

is a function of the state of the tube wall,
he thermosiphon circulation rate, and its

and, therefore, the optimum level needs to be
oted above because the steam side heat transfer

ldb@e@wall temperature.

The above equation indicates that the wall temperature will be higher than the bulk
temperature; up to the maximum steam temperature (as Q goes up or as h goes down).

Besides reduction in circulation, the process side heat-transfer coefficient can be
substantially reduced as a result of tube fouling which may occur because of the
presence of organics, introduction-of a rag layer in the reboiler or the presence of solids.

Vent path:

Thorough decontamination of rising vapors requires several cleaning steps. Although
bubble cap trays used are effective in cleaning the vapors, they do so by imposing a
tortuous vapor path. In the chemical industry there have been numerous recorded
incidences where a sudden rise in vapor flow has dislodged tray stacks [5-...]. These -
can then cause a major obstruction to vapor flow and consequently increase the bottom
‘pressure.
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In addition, there is a wire mesh demister above the tray stack. This is susceptible to
plugging. !t is important that the source pressure, such as at the reboiler vapor return to
the evaporator body, is monitored and maintained at a safe level. This is to ensure that
the principal assumption of an open system remains valid.

Discharge of the concentrate:

It is not clear in either the LA or the ISA Summary whether the evaporator is completely
or only partially emptied during each draw off.

Partial draw-off: If the concentrates are drawn off only partially then any accumulated
organic layer, which will float on heavier acid layer, will continue to accumulate in the
system. In this case, even a small amount of continuous organics flow to the evaporator
could eventually lead to an accumulation of the inventory of gfganics in the evaporator.

The unit has its own steam generation
closed CerUIt vaporlzatlon system he

Evaporator EV 3000

High acidity, high temperature and long residence are used in EV 3000 in order to
destroy residual oxalic ions and convert Pu(ill) and Pu(IV) to Pu (VI). Section 11.2.1 of
the LA describes the process chemistry as follows:

“The residual oxalic acid ion content in the concentrates does not exceed 102 M. A high
level of acidity (approximately 13.6 N and a temperature of around 248°F [120°C] in the
evaporator) destroys the oxalic ions. Plutonium oxalate is converted to plutonium nitrate
and oxalic acid. This Iatter.decomposes itself into H,0, CO,, and NO:

PU(C204)2 + 4HNO; — PU(NO3)4 + 2H,C,04

H.C,04 + 2HNO; — 2CO, + 2NO; +2H,0

5-23
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Thesé reactions are catalyzed by Mn®" ions.
Since Pu nitrate undergoes- prolonged boiling and considering the high acidity of the

medium, Pu(IV) nitrate is oxidized and gives Pu(V1) (as PuQ,?") nitrate as the following
reaction: '

3Pu(lV) + 2H,0 — 2Pu(lll) + PuO,”* + 4H*
The medium being highly acid, Pu(lil) is itself oxidized into Pu(lV):
| 3Pu(lll) + HNO; + 3H* — 3Pu(IV) + NO + H,0
Therefore, at the end of the evaporator, the concentfates contain Pu at valency VI as
PuO,(NO3),. The above severe operating conditions, (high acndlty, high temperature and

long residence time) necessary for the required chemi"cal conversions are also
conditions that can promote red oil formation and decom

Type: Thermosiphon evaporator connected to a rectificat lumn with bubble cap

trays.
Operating temperature: . 120-122°C
Operating pressure: ‘ Near atmospheric
Type of Internals: Multlple Bt:ibbl
Heated by:

Heat removal by:

" Feed:
Distillate removal
Bottoms removal

Hence the Areas !
as follows:

High acid conc gratlon near azeotrope
High heat source temperature.

. High tube wall temperature.

. Failure of cooling in condenser CND 3200 will increase reboiler pressure, and,
therefore, the temperature above its normal 122°C (251.6°F).

L Any obstruction to vapor flow in column or the vapor line will increase reboiler
pressure.

. An exothermic reaction in EV 3000 will add to heat input from steam and may

exceed condenser CND 3200 capacity, causing increased back-pressure.

5.3.4.1 Summary of ROE Risk in the KCD Unit

“The risk of ROEs in the KCD is judged to be significant conditional on organic material
being present. If organic material (e.g., TBP) enters this unit, which is operating at high
temperature with high nitric acid concentration coupled with long residence time
increases the likelihood that the essential conditions for a ROE will be fulfilled. This is
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especially true if there is an equipment failure leading to loss of control of some vital
‘parameter like temperature or adequate venting. Possible ROE scenarios that could
occur in EV 3000 are analyzed further in Chapter 6. ~

5.3.5 Oxalic Precipitation and Oxidation Unit (KCA)

The function of the precipitation and oxidation unit is to receive purified plutonium nitrate
from the purification cycle, then convert the nitrate to oxalate by reacting it with oxalic
acid and precipitate out the oxalate. The operation is shown in Figure 5-6. The nitrate
solution is received in batches and reacted with oxalic acid at 60°C (140°F) in the
precipitators PREC 5000 and PREC 6000. The plutonium oxalate precipitate is carried
by the mother liquors to the filter FLT 7000 where it is filtered, washed, and dewatered
before entering the heated rotary furnace. The washing of the cake is done in-situ with a
wash solution suppiied by a nozzle. The fiow dlagrams in the LA indicate that
concentrated nitric acid is used as the wash solution. The ry furnace is used to dry
and calcine the filtered cake; calcination converts the o to the oxide. The LA
provides the process chemistry for the nitrate to oxalat as follows:

2H,C,0; + PU(NO3)s —  PU(C504), + 4

and the calcining reaction:

PU(CzO4)2 + O, -
A ROE can only occur if organic rﬁateriai f \. »to this unit. Since the likelihood of
organics reaching the KCD s j ( w, the same also holds true for the KCA
unit. ‘
However, conditional on orga g., TBP, making its way to the KCA unit, the
main areas where condition essary or ROE could exist in this operation are as
follows:

If the solution
created in the pre

, precipitator contains organics, then due to the vortex
; . the rotation of a magnetic rod driven by a static motor (as
stated in the LA on ba .2.8-4), insoluble organics will be dispersed along with the
solids. Depending on thessolids’ surface properties, the organics may preferentially wet
the solids. The aqueous wash will not adequately wash the organics from the solids and
it is not unusual in such processes to discharge wet cakes containing a substantial
quantity of liquid from a filter. The furnace operates at a high temperature that is
substantially higher than the reference 130°C where a ROE can be initiated.
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The two zone drying and caicination fumnace is designed to provide the conditions of
high temperature and long residence, especially in its calcining zone. The calciner
(FUR 8000) is a multi-zone annular cylindrical electrically heated furnace. Its first zone is
used as a dryer, followed by a higher temperature calcining zone. Wet plutonium oxalate
from filter FLT 7000 is fed continuously to the drying zohe where plutonium oxalate is
dried at 250°C (482°F) for at least 10 minutes. Solids are moved into the calcining zone
by an tnternal screw mounted axially in the cylinder. In the caicining zone, dried powder
is further heated to its caicining temperature, of 450°C (8420F), and dried for at least

30 minutes.
5-26
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According to the LA, “the furnace consists of an annular cylindrical body, which contains
an array of heating resistors and thermocouples, a screw conveyer that is driven by a
motor located outside the glovebox for moving the powder, and a filtration system to filter
the offgas through candle type filter. The furnace has two main sections heated by
[electrical] resistors: a drying zone where the Pu oxalate is dried and a caicinations zone
where the oxalate is transformed into PuO,. The temperatures of the drying and
calcining zones are regulated independently. The effectiveness of the cailcinations
process is controlled by a combination of residence time and temperature. The speed of
rotation of the screw is adjusted to maintain the required residence time in the drying
and calcining zones based on furnace temperature. The gases produced during drying
and calcinations of the Pu oxalate cake (CO, and steam), along with excess oxygen,
scavenging nitrogen gas, and the air from upstream and downstream processes are
removed by an offgas system.”

The LA describes the calciner de3|gn in some detail, but doé””s}not include process and
mstrument dlagrams for the system However based on f’g‘ r industrial equipment and

° Because of the difficulty of seaiing such el\g@ggf ndling equipment, the calciner
is' operated under negative pressure (100 zapacity exhaust fan) and most likely
not designed to withstand subs

flow.

Vent Design:

Based on the process "sheets for the KCA unit, the vent path from the calciner body
to the pair of exhauster fans is as follows:

. "~ Gases are filtered in internal segmented filter element banks, FLT 8300.
. -They are then chilled to lower the dew point below ambient, CND 8400.
. Chilled gases are de-entrained in demister vessel DMST 8500, which has

provision to wash the demisting element to prevent them from clogging. (It is not
clear if the wash is intermittent or continuous).

o The gases are superheated by an electric heater to avoid clogging of the
downstream filter.
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. They are then filtered through two HEPA filters in series, FLT 8520 and FLT
8530.

. The gases are finally exhausted by a 100% capacity exhaust fan with an installed
spare that provides the driving force to induce the negative pressure on the
furnace.

Areas where conditions necessary for ROE could exist

The temperature, around 450°C (842°F), in the calciner is far greater than that normally
required to initiate red oil reactions. Conditional on TBP being present in the feed, and
nitric acid with the feed, TBP will decompose. Thus the safety issues are principally
related to the size and reliability of the vent system, specifically an accurate estimate of
the amount of gas evolution and pressure drop through the system.

5.3.5.1 Summary of ROE Risk in the KCA Unit

The possibility of a ROE in the KCA exists if organicsnaterial¥manages to reach this unit.
| s of gas flow so even if
ure ﬁgj\g)ent are low. Therefore, further
tead, the resources at BNL were

some red oil is formed the chances of a high-
quantitative analysis was not performed for '[hlSk
focused on the KPC and KCD units. '

-5.3.6 Slab Settler

The Slab Settler KPA SET 330 gt is pmwed at the back end of the KPA is a key
ct:on%g%ﬁto prevent any organlc material that is

,\f%&i‘}%“ﬁorator The conditions in the KCD unit's
evaporator under i orma ating condition are such that ROE is inevitable if
sufficient organic piat al iSsp . It is operated at high temperature, high nitric acid
concentration an ng den “time, conditions that promote organic/nitric acid
reactions. The KA %
an IROFS.

N
column from entering the~

The slab settler is a passive device that separates the lighter organic phase from the
heavier aqueous phase based on density difference alone. When operated properly it is
an effective barrier against flow of organic phase to the oxalic acid treatment area. The
ISA Summary indicates (page 4.2.6-15). “In the settler, any organic phase will separate
since the organic and agueous phases are non-miscible. The lighter organic phase will
rise to the top of the liquid while the aqueous solution remains on the bottom. The
solution remains in the slab settier long enough to ensure separation of any organic
solvent from the solution.”

A schematic drawing of the slab settler, obtained from the licensee, showing the layout
of the design is shown in Figure 5-7. A brief description of the slab settler is provided in
the ISA Summary and in the LA (page 11.2.6-15).
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Interface location:

The interface location on such designs is only a function of relative densities. The design
principles, which the designers have followed, are:

1. Heavy (Aqueous) phase is removed from a low point in the settler.

2. Aqueous phase is looped with a vent at the highest point

3. Light (Organic) phase is an overflow

4. Organic phase overflow and the top of the aqueous phase loop heights are such
that under all conceivable density ratios the interface height is well above the
aqueous phase removal level.

5. All flows have equal, usually very low, frictional pressure drop. In other words,
pressure balance (defined below) is a function of densities only and not the flow
rates. '

If the above principles are followed the interface locati s not vary with individual
t of the feed is zero,

the light phase outflow is consequently zero. N required to operate

Pressure balance:

With equal pressure above the light phas
' Vi
pressure balance has the following equality.

(Xi-Xa)*pr = (XoXa)’,

where
X1 =
Xz =
X3 =
X4 =
pr =
P2 =

It should be noted that the equation above does not contain flow rates; only construction
dimensions and densities. This is illustrated in Figure 5-8 below where the relative
dimensions and locations of the different levels of the heavy and light phases are shown.

~
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LIGHT PHASE OVEF

HEAVY PHASE OVERFLOW HEIGHT « X1

UaHT
PHASE
QUTLET
HEAVY"
PHASE
ouner’
INTERFAGE HEIGHY .
[FLOW HEIGHT = x2
INTERFACE HEIGHT - X3
Figure 5:8. Slabgggttler' dimensions and locations of the levels
%

the light and heavy phases.
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Given the current slab settler design, the respective locations of the baffle and the
~ outlets of the organic and aqueous phases are shown below:

. separation baffle 80 mm from the bottom (X,),
) aqueous outlet 435 mm from the bottom (X),
. organic overflow 450 mm from the bottom (Xy).

These values are input into the equation above along with various values of the aqueous
and organic phase densities to evaluate the interface height Xs.

The results are shown in Table 5-2 below, which shows the interface location for various
organic and aqueous densities. The organic phase seal remains intact as long as the
interface location is above the bottom of the partition plate, 80 mm.

Table 5-2. Calculation of Interface heighté as functio hase density.

Case | Aqueous Phase Seal Broken
Density (kg/m3)
1 1012.2 (0.5M HNO3) No
2 1012.2 No
3 1012.2 No
4 1012.2 No
5 1026.9 (1M HNO3) No
6 1026.9 No
7 1026.9 No
8 1026.9 No
9 1086.1 (3M HN No
10 1086.1 No
11 No
12 No

If the ratio of organlc phast density to aqueous phase density is greater than 0.9595, the
seal is broken. If the ratio of these densities is less than 0. 9595, then the seal remains
intact. Since the ratio of pure TBP density to pure water density at 25°C (77°F) is 0.97
and there is going to be some admixture of the (lower density) diluent HPT in the organic
phase with TBP (which will lower the organic phase density) and of nitric acid with water
in the aqueous phase (which will increase the aqueous phase density) it is clear that the
slab settler will continue to work, i.e., the seal will remain intact as long as the densities
remain in the range considered. This analysis is limited as it is a static head analysis,
which assumes that equilibrium is reached to allow the phases to separate. However,
the formation of emulsions or of a rag layer, etc. may defeat the normal operation of the
settler. These possibilities are examined further in Chapter 6.

The ISA Summary indicates (page 5.3.6-63) “To ensure the siab settler operates as
“intended, operators ensure, via an IROFS administrative control, that the slab settler is
loaded with aqueous solution prior to start-up and redundant IROFS density
instrumentation is provided to ensure (1) the density interface on the settling side of the

Ofﬁcfal yise' O/\Iy

5-32



i

Ofﬂ%ial ude ony

slab settier does not drop below the weir height, (2) the settler is not initially filled with
the lighter density material, and (3) the lighter material is not sent to the KPA oxidation
column.” Although the slab settler is based on intrinsically safe design principles

(dependence on gravity and density difference alone), its proper operation depends on
_operational ‘procedures being correctly followed by the operators, hence it is difficult to

classify it as a purely passive safety device.

The impacts of possible failures of the slab settler, due to operational errors or due to
holes and leaks in the baffle plate that may be caused by corrosion or other causes, are
analyzed in Chapter 6.

5.4 Overall Design Strengths and Considerations

The discussion below offers some considerations related to th§ strengths of the design,
possible concerns and deficiencies, and data that is needed to do a more detailed
assessment.

5.4.1 Design Strengths

The process design has substantially reduce
during normal operation by:

o Use of stable pure HPT as a
before in other similar extractio

ueous nitric acid phase with the diluent
water or dilute acid to wash the organic

Operation ot‘,@»r%t{g@wggg oration under vacuum, at a temperature substantially

. Continuous «em < f TBP decomposition products by alkali treatment of the

entire solvent p '

. The entire set of IROFS controls that implement the red oil prevention etrategies

' previously discussed in Chapter 4, i.e., prevention of TBP migration to undesired
process vessels, heat transfer, and evaporative cooling.

As is well known, the frequency of events that can impact safety during normal
continuous operation of a well designed and operated plant is low. Experience indicates
that most safety-related events take place due to or during intermittent operations, for
example, start-up or shutdown operation. This effort of analyzing the risks associated
with the design of the MFFF provides insights into whether the above-mentioned basic
design elements reduce the event frequency, including expected upsets, the
deterioration of equipment such as fouling of heat exchange surfaces, instrument and
other equipment failures, and startup and shutdown.

5.4.2 Overall Design Considerations
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Ofﬂéial Use thy



Ofﬁ?/é‘l Us(le o7l|y

7. We are principally concerned with two types of events:

Formation of red oil in the equipment or process under consideration

Contribution to a condition that may lead to red oil formation in downstream
equipment such as allowing passage of organics in the aqueous phase or acid in
the organic phase as examples.

Conditions that can potentially lead to the above events are as follows:

1.

'Anecdotal information from the industry based on

Incomplete Phase Separation. This is characterized as intermittent
contamination of phases, where the outlet concentration of a phase may exceed
the solubility limits by several times. Trace amounts of impurities, in particular,
have a . profound impact on interfacial tension and thus separation ability.
naformal telephone survey
ging from around 0.5 to
Ision formation which differs

indicates that this event may have a frequen%
3 events per year. This phenomenon includes
from simple inadequate separation. Inadeqt
corrected by providing adequate settling ti
' ' ~’sometimes requnre
additional corrective measures such as pH adjustment, addition of anti-

emuI3|on addltlves etc. Emul5|ons ar

Flooding: under normal conditio 1 e ion column the two phases flow in
opposite directions; that pléts phase to be dispersed flow in the
opposite direction t e ow. This works as long as the buoyancy
due to the densit nece overcome the drag forces caused by linear
velocity, viscosity “an < mechanics parameters. Flooding in an
extraction col is de ondition under which one phase is prevented
from flowing ) ysite:direction to the other phase. In other words, it drags
the othe : ay occur when there is an increase in velocity due

w er salt concentration or lower diluent concentration. Air-
lift failure, ir ntrol failure or lower density difference can lead to this

condition.

Rag layer formation: In most liquid-liquid operations, ionic and surface active
impurities tend to collect at the interface. Because the light liquid is removed
from near the top of its layer and similarly the heavy liquid is removed from the
near the bottom of its layer, the rag layer continues to build up, eventually

_preventing clean separation of the two phases.

Incomplete Draining: Incomplete draining of equipment such as evaporators,
other process or storage vessels could lead to accumulation of the Ilghter organic
phase.

Tube wall temperature in steam heated exchangers: Tube wall temperature is
dependent on the bulk temperature of fluids of the tube and relative heat transfer
coefficients on either side of the tube. If heat transfer coefficients on both sides
are equal, then the tube wall temperature is close to the average of the two bulk
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temperatures. In steam-heated heaters, because of relatively high steam-side
heat transfer coefficients compared to the process side, the tube wall
temperatures are closer to the steam temperature than the process side bulk

‘temperature. For safety studies, the higher tube wall temperature, rather than the -

average bulk temperature, should be considered for the reaction initiation
temperature. Fouling of heat exchanger surfaces, usually on the process side,
further exacerbates the difference between the tube wall and the bulk
temperature. Another concern regarding heat transfer is the relatively poor heat
transfer properties of organics/solvent phases as compared with agueous or
steam phases. This issue has been discussed in NRC’s SER on the CAR design
[5-11] as a contributor to red oil formation in event that a phase inversion occurs
due to salts getting trapped in the organic/solvent layer.

A critical part of the MFFF IROFS is that all vessels where a red oil event could
occur are deemed to be sufficiently vented or “op ased on the information
that ‘was available at the time this report was, red, it seems that the

as being a fixed length with a. fixed number%o erow urns, valves etc. To
support the applicant’'s evaporative cooh% trategy, %’
12] provides the vent sizing guidelines ag
conceivably occur. '
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6. RED OIL SAFETY STRATEGY - AN OVERVIEW

As detailed in Chapter 4, the safety strategy adopted by the MOX facility is mainly
preventive, i.e., it reduces the likelihood of a ROE rather than simply trying to mitigate its
consequences should it occur. It relies on three different strategies. The
implementation of the appropriate strategy depends on the operational constraints
associated with each process vessel. These strategies are recapitulated below:

1. TBP Prevention — This strategy involves segregation of TBP (in a separate
phase) from acid-bearing process equipment and limiting the amount of TBP in
soluble phase to prevent runaway TBP-nitric acid reactions. For those process
vessels not normally containing TBP, and where separate phase TBP can be
effectively segregated considering credible process upsets, a safety strategy that
prevents TBP migration (separate phase) into the vessel is employed (e.g.,
process vessels in the KCA, KCD, KPA, KPC, KW »'?and LGF units). This is

~accomplished by design (no credible pathwaysé&gg eive TBP) or through the
implementation of IROFS: controls. These com@ ' K%msist of process and drip

tray sampling controls and associated IR@ES’ to maintain sampling integrity,
organic phase detection controls includin nsity monltoxzs%?and the slab-settler.

) R I £ < .

The objectives of these controls are%glz ‘prevent the propagation of separate
phase TBP to downstream vessels ‘& ’it the soluble amount of TBP
transferred by aqueous phase.

2. Heat Transfer — This strategy réi dequa e’heat transfer from TBP-bearing
vessels to the surroundings to preventdunaway TBP-nitric acid reactions. Simply
stated, the heat transfer’n igt exe ﬁgg’he energy generation of the system to
ensure that a therma z does@%&g; occur. Experiments have shown that the

1all ww temperatures, will eventually lead to a

diabatic and no means for cooling is provided.
will not occur when the heat removal rate exceeds

-his is the basis of the heat transfer strategy applied to

s in the KPA, KPB, KWD, KWS, and LGF units. For those

eat transfer strategy is employed to prevent red oil

A thermal rupa
the heat préd

temperature caq , process vessel off-gas venting, and reagent (diluent)
sampling controls’ In addition, to ensure the effectiveness of the heat transfer
strategy, the HVAC system is designed and controlled in a manner to limit the
temperature in the associated rooms/cells.

3. Evaporative. Cooling — This strategy ensures that the heat input from chemical
reactions and other sources is limited to that which can escape the vessel via
evaporation. This requires maintenance of an aqueous phase in TBP-bearing
vessels to ensure evaporative cooling to prevent runaway TBP-nitric acid
reactions. For evaporative cooling to be effective, an aqueous phase should be
constantly present and adequate venting be available. Furthermore, the depth of
the organic layer must be limited so as to not impede the heat transfer due to
aqueous phase boiling. It should be noted that the soiution boiling temperature
can increase as water is boiled off and the remaining nitric acid becomes more
concentrated, up to the point where the azeotropic limit of nitric acid is reached
(68.4% nitric acid, boiling point = 122°C [251.6°F]). Therefore, the presence of an
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aqueous phase below a iimited depth TBP-bearing organic phase, or in the well-
mixed confines of the vessels, combined with adequate venting. capability,
provides assurance that TBP-nitric acid reactions will not result in red oil
explosions. For the vessels in which the evaporative cooling strategy applies
(i.e., process vessels in the KPC and KWD units), it is important to understand
"the source of separate phase TBP. The following controls are used to ensure
effective evaporative cooling strategies: administrative flushing controls to ensure
the maximum TBP layer depth will not be exceeded; process level controls (both
active engineered and administrative) to maintain the minimum water-to-TBP
mass ratio; process temperature controls (both active engineered and
administrative) to maintain process solution temperatures within permissible
limits; process vesse! off-gas venting to ensure adequate venting; and reagent
sampling controls to maintain the veracity of assumptions made in the
evaporative cooling analysis regarding the less reactive nature of the diluent.
Selection of HPT diluent is an important factor in maintaining the evaporative
cooling strategy.

reventlve strategies, a
ric_acid reactions was

m%f\fects of temperature, nitric acid
itenium¥¢ concentration, and zirconium

or in the development of the TBP/nitric acid
was then used as a basis for development
e heat transfer and evaporative cooling strategles

Prevention controls process and drip tray sampling controls and -associated
IROFS controls to maintain sampling integrity, organic phase detection controls, and the
slab-settler, which prevents the propagation of separate phase TBP to downstream
vessels. Process sampling controls ensure that the maximum concentration of TBP in
solution is satisfied below some limits prior to transferring solutions to vessels where
TBP in large quantities should be prevented. This also applies to drip trays where TBP
may be leaked and subsequently transferred to a vessel where TBP has to be
prevented. IROFS process sampling controls are taken from the following vessels to
protect downstream units vulnerable to a red oil event: both KCA batch constitution
. ‘tanks (TK-1000 and TK-2000) to protect the KCD unit and KPA control tank (TK-9100) to
protect the KPC unit. IROFS drip tray samples are taken from drip trays in the KCD and
KWG unit to protect the KCD unit which is vulnerable to a red oil event. Additionally,
IROFS drip tray samples are-taken at KPA drip trays which may contain TBP to protect
against a steam jet draining these trays. Thus, these sample points and the associated
administrative IROFS required to ensure the sample is representative of the contents of
the tank (i.e., vessel isolation, vessel homogenization, sample line purging, sample vial
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traceability, laboratory sampling process, and communication of results from laboratory
to the control room) ensure red oil explosions are highly unlikely.

At the KPB alkaline waste tank, organic phase detection controls detect any separate
phase TBP that accumulates in the vessel via redundant IROFS density transmitters and
controliers, along with automatic action to shut off the transfer pump to the KWD alkaline
waste tank. This prevents the transfer of separate phase TBP to the front-end of the
KWD high alpha azide destruction vessels. Administrative procedures provide guidance
to the operator regarding appropriate actions when low density solution is detected
(i.e., commence flushing operations).

To ensure the IROFS are not challenged, operators pefiodically purge organics from this
process vessel, via an administrative control, to prevent TBP accumulation that triggers
the density IROFS. -

The passive design features of the slab settler tank in the,
an IROFS to prevent the propagation of separate phag
end of the purification cycle and on to the KCA upit<#To ure that the slab settler
operates as intended, operators ensure, via an I%FS administrative control, that the
slab settler tank is loaded with aqueous solutiori:prior t@,start upWa%d redundant IROFS
density instrumentation is provided to ensure ( e”SIty interface on the settling side
of the settier does not drop below the weir heig 2)the settler is not initially filled with
the Ilghter denS|ty materlal and (3) theighter ma
Ssive:

ication cycle is credited as -
-.downstream to the back-

his not sent to the KPA oxidation

%ﬁ"assm through the KPA slab settler does not
eparate phase in the KCD evaporator, process

KCA batch constitution tanks to confirm the
low. Thus, these sample points and the associated

accumulate to the degree’of;
sampling is performed upgt _
B8P id%

traceab:llty, Iabo g process, and communication of results from laboratory
- to the control room) enst

Table 6-1 provides an example list of the majdr_components and the associated IROFS

that act as barriers for prevention strategies. A complete listing of all vessels/equipment
protected by the TBP prevention strategy is provided in Appendix B.
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Table 6-1. Prevention strategy IROFS, Example of Major Prevention Strategy Barriers.

Component IROFS : Protected - Comment
: Components

%C-TK-1000 Organic layers and

soluble organics

KPA-TK-9100 [protected by the heat transfer | Redundant KPA*SMPT9100
sfrategy and it provides TBP prevention

strategy] -
Slab Settler 3300 [protected by heat transfer | Passive Slab Settler KPAGLMN-6000 Organic layer
strategy and it provides prevention strategy] KPA-CLMN-6500
KPA-DT3300A/B (see n &
Redundant Density transmitters (need ID KPA-TK-7000

number)

Administrator control to preload Settler
and some drip trays

KCA-TK-1000 & KCA-TK-2000 Soluble organics

KCA-TK-1000 & KCA-TK-2000 [protecie y nﬁj&KCA*SMPTmOO Whole process KCA Soluble arganics

prevention due to slab settler and F'; . %s and
prevention for KPA columns 6000 and\é% ) irdant KCA*SMPT2000 Whole process KCD
KPB-TK-3000 [protected by heat trénsfel‘*%%é &dundant KPB*DT3001 A&B KWD-TK-4010 Organic layer

strategy and it provides prevention strategy]
Density transmitters

1. (ISA Summary page 5.3.6-63, pp 2452) states: “...redundant IROFS density instrumentation is provided to ensure (1) the density interface on

the settling side of the settler does not drop below the weir height, (2) the settier is not initially filled with the lighter density material, and (3) the
lighter material is not sent to the KPA oxidation column.”

| 6-4 .
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6.2 Heat Transfer Strategy — Component Specific Application

Heat balance calculations performed for several process vessels confirmed that during
conservative upset conditions the maximum temperature rise would not be sufficient to
cause the solvent temperatures to exceed. their safety limit. However, for those vessels
and conditions in which the temperature rise would potentially exceed the safety limit, a
preventative safety strategy is utilized. The safety limit here depends on the hazard
being protected against. A temperature limit of 50.6°C to 55°C (123.1°F to 131°F) is
considered for vessels when both TBP and HAN are present [depending on the amount
of diluent present in the vessel]," and a temperature limit of 125°C (257°F) is considered
for the ROE. When a component could be exposed to both hazards the lowest
temperature limit is applied which provides a large safety margins for the other hazard.

To prevent the creation of flammable or explosive vapors within vessel head spaces and
in- venting ducts due to process temperature deviations fl OFS process temperature
controls provide an element of redundancy to shutdown the process heaters and/or
heating loop flow sources when a high temperature d. Residual heat will be
dissipated primarily to the surrounding environment, “thereby p%gventlng the solution
. temperature from reaching its safety limit. 'I;pe@%IROFS tem en‘gjure control group
consists of redundant temperature elementss temperature tra\‘smltters temperature
control valves, and automatic operated valvgs.

For the KPA Pu stripping. pulsed columr@@ n=a cond O W here the temperature monitors
would not be effective (i.e., prior to exc%e in Y0, Of fhe LFL), two independent sets of
neutron sensors, consisting of redundangé’?radl« on elements and transmitters, are used
to detect an aqueous flow co d{h@Q Ieaéifr%g 16 this undesirable condmon At a given

ding isolation valves.

er. %ure safety limit as a result of heat from a transfer
ative control credited with limiting the operation of
SS vessels containing solvent, in turn limiting the amount
ump@work into the process fluid. These administrative controls
are enhanced with p uid temperature monitors and warnings providing operators
with early detection of pr cess fluid temperature deviations. The major components for
which heat transfer strategy are applied with the associated IROFS are shown in
Table 6-2. A complete listing of all vessels/equipment protected by the heat transfer
strategy is provided in Appendix B.

of heat input from™the:

- 6-5
OffiCial Yse (ydy ,



Ofﬁ(i/ial Use Onl}/

Table 6-2. Heat Transfer strategy IROFS, Example of Major Components.

Process vessel Off-Gas Venting

Reagent Sampling

KPB whole process

SAME AS ABOVE

KWD-TK-3010
KWD-TK-3020
KWD-TK-3030
KWD-TK-3040

SAME AS ABGVE <

Components IROFS Protected Components Comment
KPA unit Geometry of Process Vessel | KPA unit; Note that as discussed in the text, use
Whole process to and pipes ' Whole process to of a neutron monitor instead of the
CLMNG6000 Process Temperature Controls CLMNG6000 temperature  monitor  should  be

considered for KPA pulse 2000. Note
that the most restrictive temperature
criteria are for Pulse 3000 and 3200

_Pdue to exothermic reactions for Pu

stripping by HAN, and the potential for
oxidation of Pu from valence Il to IV.
Therefore, the red oil issue is not as
much concern for heat transfer
methodology [temperature limit of 48°C
for Pulse 3000 and 53°C (127.4°F) for
Pulse 3200].

KPB-TANK-3000 is 200 liters and it
contains some amount of Pu and U.
This is a consideration for Heat transfer |
strategy.

KWD whole process

K

‘High Alpha Waste (HAW) tanks, Pu, U,
and Americium.

KWS-TK-4000
KWS-TK-5010

SAME AS ABOVE

KWS whole process

LGF-TK-3000

SAME AS ABOVE

LGF-TK-3000

HAW

Offjicial U}se O\Sly
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6.3 Evaporative Cooling — Component Specific Applicétion

The concept of evaporative cooling is to ensure that the temperature in a vessel
containing a TBP and nitric acid is maintained below the azeotropic limit of nitric acid
(122°C). For a mixture of nitric acid and TBP within a vessel where a limited depth of
separate phase TBP is floating on top of an aqueous phase, or in a well-mixed
environment of a thermo-siphon evaporator, the maximum solution temperature of a
TBP-nitric acid mixture for successful evaporative cooling is limited essentially to the
boiling point of the aqueous phase, since any organic present consisting of TBP or

TBP/HPT mixtures has a higher boiling point.

. As stated above, a semi-empirical model describing the heat generation for TBP/nitric

acid reactions was developed by the applicant to specifically account for conditions
present in the AP process [6-1], which was then used as a basis for development of a
safe operating regime for the evaporative cooling strategy. .

Success of the evaporative cooling strategy requires an agqueous phase be

constantly present, as well as that adequate ventmgge *avall‘ablf?‘ d that the heat input

from chemical reactions and external sources be‘i@itmlted to that;y hICh can escape the
e oramc Iayerwust be hmlted 50 as

vessel via evaporation. Furthermore, the depthgé%@

input is required such that aqueous phase evaporafg
the vessel vents or ‘the ability to mail adequ*v

limits, in the absence of HPT, for the su
follows: o

. Minimum water-t
' Maximum TBP la

solution temperaturejsifimited to a maximum of 80°C (176°F), over 600 minutes
(10 hours) is required ore the solution temperature resulting from TBP/nitric acid
reactions ramps up exponentially. Injection of an aqueous phase (at ambient
temperatures) to fulfill the 1:1 minimum water-to-TBP mass ratio at any time during this
interval will quench the reaction and maintain the system within a safe operating regime.

IROFS for the Evaporative Cooling Strategy have been described in Chapter 4. An
example of IROFS density controls for the detection of HPT is in the KPC buffer tank.
IROFS sampling in the purification cycle control tank ensures that no separate phase
TBP will enter the KPC. IROFS density controls in the KPC buffer tank therefore would
detect HPT and prevent HPT from passing downstream, so that the maximum
permissible TBP layer depth for applicable downstream vessels is 34 cm.

The major components that are protected by the evaporative codling strategy are shown
in Table 6-3. A complete listing of all vessels/equipment protected by the evaporative

cooling strategy is provided in Appendix B.

6-7
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6.4 Red Oil Scenario for KPC- EV 2000

KPC-EV2000 is a natural recirculation thermo-siphon type boiler,” which utilizes
pressurized super heated water from the Hot Water System (HWS) as a heating fluid.
Nitric acid vapor distillates from this evaporator are condensed and routed to a feed
‘buffer pot that decouples operation of the first evaporator from the second evaporator.

The KPC EV2000 operates under vacuum. The normal process temperature is below
66°C and the normal super heated hot water temperature is 105°C (221°F). The hot
water system temperature is equipped with controls to ensure a maximum temperature
of 122°C (251.6°F) is not violated. The red oil prevention strategy applied to EV 2000 is
evaporative cooling. '

6.4.1 Conditions Necessary for Red oil Explosion

The following two conditions are necessary for a viable:

enario to occur:
w@yi 2

to maintain the hot water system tempe
occurrence of a heat exchanger tube
sources, including global initiators such a

2. Failure of evaporative cooling t
occurrence of ROE.

The necessary conditions aporative cooling as noted in the ISA
Summary and dlscussed ection abovéare provided below. Failure of evaporative
cooling is assumed if one 0 MOF ,);%Y”wmg conditions are not met:

Based on the process rates, failure to flush the system every 6 months can lead to

an accumulation of TBP that will violate the condition of maintaining a minimum

aqueous-to-TBP mass ratio of 1:1. Hence, failure to flush every 6 months is also a
condition for a ROE to occur.

The following sections provide an evaluation of how each of the conditions for
evaporative cooling could be violated. Due to dependency among these conditions they -
are categorized into two groups. The criteria for the aqueous-to-TBP mass ratio and the
depth of the TBP layer are in one group and the venting and process temperature
criteria are in the other group. The following sections discuss possible ways in which the
minimum aqueous-to-TBP mass ratio and maximum TBP layer depth criteria as well as
the maximum process solution temperature of 122°C (251.6°F) or adequate venting
criteria could be violated.

-/ 6-8
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Table 6-3. _Evaporative Cooling Strategy IROFS, Co}nponents‘AppIied, and Components Protected.

Compdnents

IROFS Protected

Components

Comment

KPC-TK-1000

Density Measurements KPC-TK150

KPC-TK-1500 |

1. Administrative control for flushing every
6 months '

2. Redundant temperature transmitters with
alarm and operator action '

KPC-TK-3000

1. Administrative control for flushing every 61
months o ‘
2. Redundant temperature transmi
alarm and operator action

KPC-EV-2000

KPC-TK-3000 is fed from EV-2000
and KPC-TK-1500

KPC-EV-2000

1. Administrative control fi
months ;
2. Redundant process é ana
controls with controller

valves (AQOVs) o
3. Redundant
with controllef
rupture

KWD-TK4020

KWD-TK4030

KPC-EV-2000 is fed from KPC-TK-
1500

for flushing every 12 | KWD-TK4020

1. Administrative con

KWD-TK4040

KWD-TK4050

months
2. Redundant process level controls with
controllers and AOVs

3. Redundant process temperature controls
with controllers and AOVs

KWD-TK4030

KWD-TK4040

KWD-TK4050

oo o
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6.4.2 Minimum Water-to-TBP Mass Ratio and Maximum TBP Layer Depth

To assist the discussion relating to TBP accumulation, the following definitions are
helpful: ‘

- Normal TBP accumulation: accumulation of a small amount of TBP which was dissolved
in the aqueous phase and the accumulation by droplets of solvent that are mechanically

entrained with the agueous phase.

TBP accumulation due to an upset condition: severe process malfunction resulting in
the transfer of a large volume of solvent. The malfunctions could include failure to
maintain the interface level between aqueous and organics phases as well as such
phenomena as the formation of an emulsion, a third phase formation, and phase
inversion in pulse columns. Such rapid accumulation of TBE@Z referred to as upset TBP
accumulation in contrast to normal TBP accumulation. '

The potential for ROE is, therefore, discussed separately fo gmal accumulation and

. e . A G . . . .
accumulation under upset condition. ROE durnngﬁ@@rmal acc néigaﬁlgglon is discussed in
Section 6.4.2.1 and ROE under upset conditionds discussed in Section 6.4.2.2.

6.4.2.1 ROE in EV. 2000 under Normal TBP ulation

High solution temperature and failure of -e
ROE to occur under the normal TBP accumul

temperature control in the HWS or heat
ratur ‘W!d also occur as a result of an exothermic
_heating” especially if the amount of TBP is not
(Afﬁ essels. This latter mechanism is considered
ince a slow increase in solution temperature could be
hich would allow the operator to take corrective

High temperature could o
exchanger tube rupture.
chemical reaction and radidacti$
controlled through regular flls
less likely than oﬂ:&ﬁﬁ;ﬁémqgsmg“
measured by @-THG%%A/

actions. '

The first condition (Sectién 6.4.1) in evaporative cooling, i.e., ensuring the minimum
aqueous-to TBP ratio ofl1, is maintained by flushing out the vessels every six months.
The second condition in evaporative cooling, i.e., maximum TBP layer height of 34 cm,
during normal TBP accumulation is maintained both by flushing out the vessels every six
months and by ensuring that the level in the evaporator EV 2000 never falis below the
low level limit which ensures that the evaporator contains at least 42 liters of solution.
This strategy is based on the maximum calculated accumulation rate of separate phase
TBP, which indicates that at most 21 liters of TBP would be accumulated in the
evaporator before the semi-annual flush out of the system. In this manner, the total
amount of TBP transferred from the first evaporator in the KPC unit to the KPC
concentrates tank would be about 42 liters/year. Semi-annual flush-out of the first KPC
evaporator, the KPC concentrates tank, and the KPC feeding tank, collectively, will then
ensure that no more than 21 liters of TBP is ever present in any of these vesseis. By
ensuring that the total volume of the solution in EV 2000 does not exceed 42 liters, one
could ensure that the aqueous-TBP ratio is maintained. Similarly, the maximum TBP
layer depth of 34 centimeters is also ensured by the accumulation rate of TBP and the
evaporator design dimensions as well as by the flushing-out procedures.

Oﬁfcia!/ése O?(Iy

6-10



Offidial u,!e o/nﬂy

The probability that the vessels are not flushed out in six months is conservatively
assumed to cause an unavailability of evaporative cooling for six months when the next
flushing out is scheduled. The failure probability/unavailability for level controls is
estimated through standard fault tree methodology. The level transmitters KPC-LT-
2000A/B and low level controllers KPC-LLC-2000A/B wili close KPC-AOV-2003A/B to
terminate the HWS. Standard fault tree modeling is used to also evaluate the possibility
of operating at low level when the vessel is heated.

The potential of ROE in EV2000 under normal TBP accumulation is pictorially presented
in the event tree of Figure 6-1. The initiating event for this scenario represents the
different ways in which the solution temperature can increase such that it can initiate a
ROE if the evaporative cooling strategy fails. This can occur either due to a loss of
_ temperature control in the HWS or a heat exchanger tube rupture. The loss of

temperature control is modeled via a standard fault tree modelgshown in Figure A-2, of a
two train temperature control system. This system consnstggrof the temperature elements
KPC TE 2003 A/B, temperature transmitters KPC 2203 A/B, and temperature
controllers KPC THC 2003 A/B, which signal the clgstire of% hot water shutoff valve
KPC AOV 2003A/B. The fallure of these compo jen A

. temperature control. The frequency of th
associated uncertainty is based on generic data.

. \éjBP models different ways that

the evaporatlve coohng criteria for TBP: to aq nass ratio or TBP layer thickness

ts el’(her” e slccess (or failure) of level control or

@&on is c%?pleted (or not completed) properly or it-is
' faulf%gee for this top event in Figure A-3.

shed out at the end of the six-month interval is
wgafn unavailability of evaporative cooling for six months -
sch@ﬂled The fault tree for this is shown in Figure A-5
based on human errory robablllty to carry out an action.  The failure
probablllty/unava\l‘abilfty forflevel controls is estimated through standard fault tree
methodology. The ftree for the two-train level control system is displayed in
- Figure A-4. The level transmitters KPC-LT-2000A/B and low level controllers KPC-LLC-
2000A/B will close KPC-AOV-2003A/B to terminate the HWS. Standard fault tree
modeling is used to also evaluate the possibility of operating at low level when the

vessel is heated.

The “venting” heading represents the success of venting to ensure that the evaporative
cooling strategy is successful and the solution temperature is maintained below 122°C
(251.6°F) to prevent the ROE. Venting is provided by a two-train system consisting of
fans and HEPA filters with an additional fan as standby. One fan and one bank of HEPA
filters are sufficient to ensure success of the venting strategy. The fault tree model used
to evaluate the venting failure probability and the associated uncertainties are shown in
Figure A-6. The operation of vacuum pump and the success of condenser cooling are
assumed not to be required to ensure the venting and neither of which is credited in the
current PRA model. An open venting path, an operational exhaust fan and non-restricted

e



Loss of temperature control or Level control or no excessive Venting system of evaporator
HX tube rupture at EV2000 TBP :
LOSTC_EV2000 LC_NETBP VENTING

# | END-STATE-NAMES

Normal TBP Accumulation

ﬁ

2 | ROE-EV2000-1-N(

3 | ROE-EV2000-2-Nd

Figure 6-1. The event tree for ROE in EV2000 due to failure of
evaporative cooling under normal TBP accumulation condition
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flow through HEPA filters are all that is needed to ensure the venting requirement for
evaporative cooling. As an example, no vacuum is required for evaporative cooling since
all the related criteria are based on azeotropic temperature at atmospheric pressure.
Establishing vacuum and cooling the discharged vapor is important for operation of
EV 2000, but not necessary for evaporative cooling.

In the fault tree modeling of the EV2000 scenario, it is assumed that individual trains of a
two-train. control system are physically independent of each other, i.e., the two trains
have their own sensors, transmitters, controllers, and actuators, and do not cross-feed or
cross check each other (i.e. no system interactions were assumed).

The mission time considered for evaporative cooling is assumed to be 24 hours.
Therefore, the mission time or the. time required for venting to be operational post
initiation of evaporative cooling is assumed to be 24 hours. For example, if the running
fans fail after the initiation of evaporative cooling, the stan fan starts and needs to
operate for 24 hours for venting to be considered successf '

eventdre The loss of the super
1ot genera%e sufficient heat to fail
ouldsbe note Nthat according to ISA

erature exceeds 122°C (251.6°F).

There is one embedded assumptlon in developlng thi
heated hot water temperature control by itself caf
evaporative cooling if no other failures occur.
the evaporative cooling could fail if the solution
Since the azeotropic temperature at 100 mm- Hg‘ nitric acid-water solution is about

72°C (161.6°F), the solution temperaﬁﬁtﬁ@ of 122°G {251.6°F) is not expected to be
achieved unless s:gnlf icant external heatingi htough th 11 sat exchanger by super heated

/eatlng coils would be l|m|ted and it is further
“protection device. In this study, we therefore
the evaporative coohng would be successful and the

judged to be unlikely si %res in the hot water temperature control would be readily
detectable. :

6.422 ROEin EV2000 for TBP Accumulation under Upset Condition

As discussed earlier, a severe process malfunction resulting in transfer of a large volume
of solvent is considered for TBP accumulation under upset conditions. The malfunctions
could include failure to maintain the interface level between the aqueous and organics
phases, as well as due to such phenomena as the formation of an emulsion, third phase
formation, and phase inversion in pulse columns. Such a rapid accumulation of TBP,
even though the exact amount is not known, is referred to as upset TBP accumulation.

For addressing TBP accumulation during the upset condition, the TBP transfer path
beginning from the source vessel where solvent is introduced to the destination vessel
should be identified. This is shown in Figure 6-2. The major barriers in each of the
transfer path are discussed below:

Ofﬂ;cial/l U/e/ ;749‘
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Path-1 begins with KPA-PULSE2000 which could inadvertently transfer TBP in an upset
condition to KPC-TK1000 through KPA-TK9100. Path-2 starts from KPA-PULSE3200
through KPA-TK9500 and again through KPA-TK9100.to KPC-TK1000. The path
between the KPA-TK9100 to KPC-EV2000 via KPC TK 1000 is common to both TBP
transfer paths. The following Section describes the barriers to detection of TBP transfer
under upset condition.

6.4.2.3 EV2000 Barriers against TBP Accumulation under Upset Condition

KPA-PULSE 2000 & 3200

For the purpose of this study and consistent with the previous BNL study [6-2], a
frequency of one per year is assigned to a major malfunction of the aqueous-organic
(AVO) normal process inter-phase level control. While the amount of TBP transfer is
assumed not to be known, it is assumed that it would &tge sufficient to violate the
conditions on aqueous-to-TBP mass ratio and maximum g -.= 5 layer depth necessary to
satisfy the evaporative cooling criteria for preventlon of ROE. The amount of TBP is
controlled by the maximum in/out flows and other,plant Q@re ures. A more precise
'estimate of the TBP quantity inadvertently trang e‘rred duri tch scenarios could

associated with the accident scenarios.

There are some embedded normal proecess con
could limit the amount of transferred%g%
credited as a part of this study. The nor
which control the A/O mter—phase Ievel
aqueous flow stops (for exa
would be controlled below:
transferred before the an

.1 of Chapter 5, these columns are designed to extract
dissolved TBP and © anics from the aqueous phase into the hydrocarbon diluent
to reduce the probability fhat organics could migrate to downstream equipment. These
puilse columns couid also be effective in breaking up the organics entrained by the
aqueous phase and reduce the potential of separate phase TBP transfer. They are also
equipped with a density measurement device in the dlsengagmg zone as a part of
normal process control.

The effectiveness of the diluents washing pulse columns in breaking up the organics and
the effectiveness of the normal process density controls in timely detection of the low
density organics in the disengaging zone is not currently known. Furthermore, there is
no IROFS associated with these columns.

/ Y 6-14
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This study has conservatively assigned a 75% probabllity that the diluents washing
‘columns would be effective in either breaking up any organics entrained in the aqueous
phase or inducing a manual termination of TBP transfer’,

[,-

(b)(2)High

KPA-TK910

Sampling is performed on KPA -TK9100 for detaction of the TBP. The sampling is done
every 75 hours and would include two samples for each sampling batch. The entire
group of components that support sampling are considered as IROFS. These are
provided in Table 6-4 below. )

Standard fault tree modeling to evaluate the failure probability of sampling was
developed in this study. This Is displayed in Figure A-10. Given sampling failure, the
downstream vessels were assumed to be exposed to potential TBP transfer for a
maximum mission time of 75 hours before the next sampling activities take place.

! This is basad partly on the soluble TBP extraction efficiency of about 80% estimated for PULS 2100

functioning in section 5.3.1).
6-15
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Table 6-4. IROFS for KPA-TK9100-SMPT9100.

KPA-FI19120 Air flow indicator

KPA-FSL-9120 Low flow Switch

KPA-LT-9100 Level instrumentation

KPA-FSL-9100 Sparging air flow (low sparging air flow switch)
KPA-FI-9100 Sparging air flow indicator

KPA-AOV9140A AQV control to close transfer to down stream tank
KPA-AOV9140B

KPA-HS9140A Hand switch permissive

KPA-HS91408B

KPA-TK9500

sure that organic is not
w density transmitters
1A/B will signal the
se AOVs (in series)

Density is measured and controlled in KPA-TKS500
transferred downstream. At a low density thresho@ _
KPA-DT9501 A/B and the low density controller&s%KPA D
KPA-AOV9510A/B and KPA-AOV9540A/B to closegf’Closure oft

(semi-annual flushing out) if the mcreas ..accumulated TBP is not detected
by sampling in- Tank 9100. Si samhr%g in Tank 9100 is done every 75 hours, the
six. month exposure time wo ited t 75 hours for most cases unless sampling is
not performed. correctly fi onths.\gSuch persistent sampling faults could only -
occur due to hidden failur adiing wg;ﬂajlons/analyzers used for the sample analyses
and they are expec y. The 75 hour exposure time was considered for the

- KPC-TK1000

Density control is availg KPC-TK1000. The purpose of these density monitor loops
in KPC-TK1000 is to d t HPT (not TBP). However, they are set at a threshold of
0.9 kg/liter. The density of HPT is 0.77 kg/l. The density of an equal parts mixture of
HPT+TBP is about 0.87 kg/liter. According to plant information, the uncertainty
associated with the density monitor is +/- 3%. Since the density of HPT+TBP is barely
within the tolerance bound of the measurements, it seems that density control at
KPC-TK1000 cannot be fully credited for detection of TBP.

In the current PRA modeling, the density control at TK-1000 is partially credited to
ensure organic is not transferred downstream to either KPC-TK1500 or KWD-TK4020
through steam jets. At a low density threshold (0.9 kg/l), the low density transmitters
KPC-DT1000 A/B and the low density controliers KPC-DLC1000A/B will signal the SPS-
AQV2675A/B, SPS-AOV2676A/B, and SPS-AOV2697A/B to close. Closure of any of the
SPS-AOV2697A/B (in series) is assumed to terminate the transfer from Tank 1000 to
KPC-TK1500 and KWD-TK-4020. The closure of any valve in any of the other sets of
valves would terminate the steam jet transfer to the tank associated with that valve.

6-16
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Standard fault tree modeling is used to evaluate the reliability of these protection
schemes shown in Figure A-11. Failure of these protection schemes is assumed to
expose the system to the potential risk from ROE for a maximum period of six months
(semi-annual flushing out) if the increased amount of accumulated TBP is not detected
by sampling in Tank 9100. Since the sampling in Tank 9100 is done every 75 hours, the
six month exposure time would be limited to 75 hours for most cases unless sampling is
not performed correctly for over six months. Such persistent sampling faults could oniy
occur due to hidden failures in instrumentations/analyzers used for the sample analyses
and they are expected to be unlikely. The 75 hour exposure time is considered for the

purpose of modeling the scenano

6.4.24 ROE Event Trees in EV2000 for TBP Accumulation under Upset
Condition

The effective criteria for evaporative cooling require tha conditions of aqueous to

TBO mass ratio of 1:1 and the maximum height of TB{% f 34 cm be maintained at
all times. Accumulation of TBP in downstream vessels; ailures of controls that
are an essential element of the prevention strategﬁ*ﬁ%re assumed:to result in a violation
of the basic crlterla for success of evaporatngggf eohng;g&Hence“‘%%ﬂhke in the previous

reaction and amount of gases evoived that are a\f‘unct;on of the (threshold) amount of

TBP present per unit vent area. If thi resent exceeds the threshold,
ng strategy. The initiating event for

‘the loss of temperature control in the

occurring; adequate ventmg design is ultlmatelgl% as'ed' on the criterion for.the heat of

respectively.

’ , 6-17
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Loss of temperature
control or HX tube
rupture at EV2000

LOSTC_EV2000

O%{i‘al u¥ OXQ

Malfunction at or before | Diluents wash at KPA

KPA Pulse2000

MF_PLSE2000

Sampling at KPA Density control at’
TK9100 every 75 hours TK1000

Pulse2100

DW_PULSE2100

T

SPL_TK9100 DST_TK1000 #

END-STATE-
NAMES

OK

OK

OK

OK

ROE-EV2000-
[7SHRPULSE2000

|

Figure 6-3. The event tree for ROE initiéted from pulse 2000

{Non-OK end-states will lead to separate phase of organic).
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Malfunction at or before
KPA Pulse 3200

Loss of temperature
control or HX tube
rupture at EV 2000

Dituents wash at KPA
Pulse 3100

Density controf at KPA

Sampling at KPA
TK9100 every 75
hours

TK9500

Density control at KPC
TK1000

LOSTC_EV2000 DW_PULSE3100

MF_PLSE3200

DST_TK9500 SPL_TK9100

DST_TK1000

END-STATE-
NAMES

0 2554?9

g

OK

OK

OK

OK

OK

ROE-EV2000-
TSHRPULSE3200

Figure 6-4. The event tree for ROE initiated from pulse 3200
(Non-OK end-states will lead to separate phase of organic)

e
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Because TK-9100 is common in the two pathways shown in Figure 6-2, the maximum
exposure time of the downstream components to the undesired TBP transfer becomes
75 hours. Flushing out the container every six months can thus be neglected in the

study.

The end state of the event trees shown in Figures 6-3 and 6-4 denoted by ROE-EV2000-
75HR-PULSE2000 and ROE-EV2000-75HR-PULSE3200 represents the annual
probability (or frequency) that the separated organic is transported to EV 2000 and the
maximum exposure time for such transfer before it can be corrected. These two .
numbers are translated into unavailability by multiplying the frequency by the exposure
period divided by one year. These two end states reflect the fact that if there is a
separate organics phase, sampling every 75 hours is the last barrier to the organics
entering EV2000 and producing ROE. This assumption i éwsewatlve since some of
the failure modes in the upstream density monitor instrumentations and controllers of
EV2000 could be recognized by the fault detection logi

The total probablhty that separated organlcs are present in E )@0 at any time then is

approach for each of the top events in the event. afe listed below:

1. Malfunction at or before pulse 2006

a yss the estlmated frequency was assumed to be
error factor of 3.

ol

¢ layer transported as a result of operational malfunction. There
is currently no empirical data to support a formal estimate of the failure of the
wash column to break up the separated organic layer. A subjective failure
probability with a mean of 0.25 and error factor of 3 was assigned assummg a
lognormai distribution.

3. Sampling TK-9100

This heading represents the success of the sampling of the content of the tank
TK-9100 to detect the unacceptable concentration of TBP, thereby isolating
further transfer and initiating the flushing out process. The detailed sampling
procedure was modeled through standard fault tree analysis and human error
evaluation. Since sampling is conducted every 75 hours, failure of a sampling
would expose the vessel downstream for a maximum period of 75 hours.
Consistent with the standard estimates of the expected values of accident

Off?j(U/s/OM
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frequency, one half of this period was used as the fault exposure time for all the

downstream vessels.

Density TK-1000

- This heading represents the partial success of the density monitors in tank-1000

to detect the low density threshold representing the existence of high
concentration of HPT instead of TBP. Upon detection, the transfer would be
stopped and the content of the tank would be flushed out. The failure probability
of the density monitors and the associated controllers will be estimated through

formal fauit tree methodology.
Malfunction at or before pulse 3200

This 'event tree heading relates to operational malfugwe’fx@n causing the separated
phase organics.to be transported downstream mt”%:he vessels where normally
they should not have gone. Per a small amount %@lrlcal evidence, this event
is expected to occur with a frequency of abo 1 petr year. This estimate was
constructed on a weak empirical basis th,ere ore it is écted to be uncertain.
For the purpose of this analysis, the eg teds requengwwas assumed to be
lognormally distributed with an error fac

Diluents wash pulse 3100

This heading represents the st )
separated organic layer | W@“ of operational malfunction. There

i rt a formal estimate of the fallure of wash

ts the success of the densnw monitors in -tank-9500 to
hreshold representing the existence of high concentration
of organics. Up‘fj%féfetectlon the transfer would be stopped and the content of the
tank would be flushed out. The failure probability of the density monitors and the
associated controllers will be estimated through formal fault tree methodology.
Failure of the density monitor in Tank 9500 would allow the high concentration of
organics to be transported to TK1000.

Loss of Temperature control or Heat Exchanger Tube Rupture

This heading acts as a traditional initiating event in PRAs representing various

‘ways that the solution temperature in EV 2000 could increase such that ROE

could be initiated if evaporative cooling strategy is not successful. This could
occur due to loss of temperature control in Hot Water System or heat exchanger

tube rupture.

The standard fault tree model of a two-train temperature control system
composed of KPC-TE2003 A/B, KPC-TT2203 A/B, and controllers

Off}osé!u/séoy/
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KPC-THC2003A/B which signal the closure of KPC-AOV2003A/B are utilized for
estimating the frequency for loss of temperature control. This was described
earlier under normal TBP accumulation and the associated fault tree is shown in
Figure A-2. The frequency associated with heat exchanger tube rupture and its
associated uncertainty was obtained from generic data. '

Similar to the case for normal accumulation, the temperature control failure of the
super heated hot water by itself can not generate sufficient heat to fail
evaporative cooling if no other failures occur. It should be noted that according to
ISA the evaporative cooling could fail if the solution temperature exceeds 122°C
(251.6°F). Since the azeotrope temperature at 100 mm-Hg for nitric acid is about
72°C (161.6°F), the solution temperature of 122°C (251.6°F) is not expected to
be achieved unless significant external heating through the heat exchanger by
super heated hot water is in effect. The super heated hot water is achieved by
electrical heating and it is controlled for a maxm:wgm temperature of 122°C
(251.6°F). To achieve a solution temperature of 12 °C (251.6°F) [in contrast to
hot water temperature of 122°C (251.6°F)], th% ot jer temperature should be
significantly higher. Even with loss of temperattre “c¢ ntrol the capacity of the
heating coils would be limited and it is furthew?nkely to b’%%é@ntrolled by the over-
current protection device. In this study we; herefore havexassumed that for EV-
2000, the evaporative cooling would be@successful and the solution temperature
could not exceed 122°C (251.6°F) unle %%othfthe hat water temperature control
are ruptured This event is assumed to be
nperditre control would be readily

is lost and the heat exchanger t%b
unlikely since failures in hote w

detectable.

9. Venting
Under TBP- accum e upset”condition, the venting at EV2000 does not
prevent ROE M[;rom oce g as%lscussed earlier. It is effective only under normal

in the fault tree™n ling of the EV2000 scenario, it is assumed that individual trains of a
two-train control sys _

have their own sens mitters, controllers, and actuators), and do not cross-feed
or cross check each o .e. no system interactions were assumed). For the venting
system, it is also assumed that the mission times of the runmng fans are 24 hours
considering the availability of the (third) standby fan.

The frequency of the initiating event in EV 2000, i.e., loss of temperature control or heat
exchanger tube rupture, for all scenarios is about 2.2E-03 per year. Based on the
frequency of flushing out, the fault exposure times of basic events are all six months.
However, in the Upset Condition case, for those scenarios that involve failure in the
density control at TK1000, the fault exposure times are 75 hours since TK1000 is
downstream of TK9100 where the sampling is performed every 75 hours. It is assumed
that it would take approximately 30 minutes to analyze the samples at TK3100. The
mission time, i.e., the period post initiator where the evaporative cooling should continue

successfully, is considered to be 24 hours.

The frequencies of the ROE sequences under both normal and upset conditions are
summarized in Table 6-5.

6-22
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Table 6-5. Frequency of ROE at EV2000.

Sequences ROE-EV2000- ROE-EV2000- ROE-EV2000-1- .| ROE-EV2000-2-
75HR-PUL2000 | 75HR-PUL3000 | NC NC
(Upset (Upset (Normal (Normal
Condition) fyear | Condition)/year | Condition) /year | Condition)/year
ROE 1.6E-08 6.5E-11 5.8E-06 5.5E-06
Frequencies

An uncertainty analysis was performed for all of the ROE sequences for EV2000
scenarios using the Monte Carlo simulation provided in-SAPHIRE. This is shown in
Table 6-6, where point estimates of the sequence frequencies and the 5™ and 95"
percentiles are presented in Columns 2-4. In addition, the dominant cutsets for each

ROE sequence are presented in Column 5.

In the case of ROE at EV 2000 under the upset condm@
frequency are low, demonstrating the relative robustnes 0
designed to prevent TBP from migrating to vesselSjit i

e point estimates of the
BP prevention strategy

dominant cutset in this scenario is the failure ofdensity ontrol%t%ank TK 1000 to stop

organics from entering the evaporator EV 20003

in the case of ROE at EV 2000 under dhe MQormal
coohng, the domlnant cutset in one

&3

equenice. is

Offyrﬂ U;&,((y(y

%iuggmg of both sets of HEPA
m after six months.
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Table 6-6. Summary of ROE Sequences of EV2000 Scenarios.

NC

Sequences Point 5" 95" Main Contributors
Estimate percentile | percentile (dominant cutsets)
Frequency (per year) | (per year)
per Year

ROE- 1.6E-08 4.6E-10 5.8E-08 DENSITY-CTRL-VALID

EV2000- - | (Ineffectiveness of density control

75HR- at TK1000)

PUL2000 KCA-FET-SAMP-X-OP-FOP
(fraction of time sampling failed
between successive sampling
intervals)
KPA-PDW-2100-X-OP-FOP
(Failure of diluent wash at pulse
2109,) v
KR @UL-ZOOO-X -OP-FOP
{ ction of KPA pulse 2000)

ROE- 6.5E-11 1.1E-12 -CTRL-VALID

EV2000- ss of density control

75HR-

PUL3000 PA-DTX-9501-X-OP-CCF  (CCF

Jof density transmitter KPA-
DT9501A/B),
;KPA-LAB -ALYS-1-OP-FOP

) {rF’allure of analysis of samples at

K9100) .

KPA-PDW—31 00-X-OP-FOP
(Failure of diluent wash at puise
3100)
KPA-PUL-3200-X-OP-FOP
(Malfunction of Pulse 3200)

ROE- | KPC-HEP-PLUG-X-OP-CF2 (CCF

EV2000-1- of plugging of the two sets of HEPA

NC filters)

ROE- FLUSHING-OQUT-FAILURE (Failure

EV2000-2- to flush out every six months)

6.5 Red Oil Scenario for KPC-TK 3000

Concentrates from KPC-EV2000, the first evaporator, are drawn off several times a day
at a constant rate by an airlift and they are sent to KPC-TK 3000. Another airlift operates
continuously to prevent stagnation and cooling of the liquid at the bottom of the draw-off
system between concentrate draw-offs, thereby minimizing the risk of clogging. The
concentrates containing impurities that are collected in KPC-TK3000, the concentrates
collecting tank, are transferred to the High Alpha Liquid Waste area of the KWD unit or
recycled back to the main feeding tank.

The concentrates are cooled in tank TK3000 which is fitted with a cooling water loop.
This 500 L tank is also fitted with a scavenging air inlet and a decontamination spray
pipe fed by steam jet J3400. It has a buffer capacity of about 15 days for the PDCF

Ofﬂél}{se QAy’
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period operations and about 7 days for the AFS period operations. In order to avoid the
formation of sodium nitrate precipitate in tank TK3000 during treatment of solution with
high salinity (AFS period), an acid flush-out is normally carried out after massive draw off
~ from EV 2000. The KPC-TK 3000 operates normally at a temperature around 40°C.
* The red oil prevention strategy applied to KPC-TK3000 is evaporative cooling. If the
temperature reaches a set point of 80°C (176°F), steam jets will be shut off, and the
solution volume is verified and maintained at least at 42 liters to ensure that the
evaporative cooling would be successful. Semi-annual flushing ensures that the amount

of TBP is limited to 21 liters in the tank.
6.5.1 Conditions Necessary for Red Oil Explosion in TK 3000

The following two conditions are necessary for a viable ROE scenario to occur:

e

1. A nsmg tank temperature to 80°C (176°F) due to fa T%}re or degradation of the

tank cooling/mixing system.

2. Failure of evaporative cooling.

ooling ‘é% ‘noted in the ISA

The necessary conditions for successful eyaporati
ing is assumed if one or more

Summary are provided below. Failure of evap
of the following conditions are not met:

- Maximum TBP layer depth of 34 |
Maximum process soluti

For a homogenized the solution temperature would increase to the boiling
temperature of water first. As some of the water boils off, the boiling temperature of
water and nitric acid mixture would increase. The trend would continue up to the point
where the azeotropic limit of nitric acid-water is reached (boiling point of 122°C
[251.6°F]). The homogenized mixture of nitric acid, water, and TBP should satisfy the
1to 1 aqueous to TBP mass ratio criteria. This can be verified through the tank level
indication since the maximum TBP amount would be limited to 21 liters. If the operator
determines that a sufficient level is not maintained, additional injection of aqueous feed
will be commenced using decontamination water spray. It should be noted that the
operator is directed to isolate the external heat sources by shutting KPC J3400 & KPC-
AL2100, and to verify the tank level when the temperature reaches 80°C (176°F) and to
take the proper action and not wait until temperature reaches 122°C (251.6°F).

A demand for evaporative cooling would become necessary when the temperature of the
tank content increases to 80°C (176°F) from 40°C (104°F). Various failures that could
raise the tank temperature are discussed below.

6-25
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6.5.2 Conditions that Could Result in Excessive Tank Temperature Rise

Tank TK 3000 receives the concentrate from Evaporator 2000 and cools it. The draw off
of the concentrates depends on the feed cycle. Tank 3000 has a buffer capacity of
- 15 days for the PDCF cycle and 7 days for the AFS cycle. For the AFS cycle, the draw
off of EV 2000 is done in batches. One batch cycle typically takes at least 5 days which
includes 84.5 hours for the concentrate phase, 2.3 hours for the acidic flush out, 8 hours
for massive drawing off, and 24 hours for filling up and heating EV 2000. The tank
content therefore varies depending on the feed, but bounding content compositions for
the tank heat up upon loss of cooling are Pu (7.7. kg or 15.4 g/L), U (7.6kg or 15.2 g/L),
U?® (2.3 kg or about 4.6 g/L), Am (1.566kg or 3.1 g/L), TBP (maximum amount of

21 liters), and nitric acid (~ 9.4 N).

The tank’s conditions are amenable to ROE if the temperatureus raised sufficiently and
evaporatlve coollng is not effective. The contents of Tank 30 O are normally cooled. The

system. Based on review of y,
were made for the purpose ofiPRA

> of room HVAC (Cell 140) by itself is not
expected to result in exce up and initiation of evaporative cooling. This
appears to be con%ﬁ ith the ¢ %e,ratlng philosophy of the facility for loss of HVAC. If
loss of HVAC ;rs th C urit>will be shutdown and the tank inlets/outlets will be
C;ases |t\a§>pears that the tank coollng is relied on for stable tank

Under normal process

isolated. In sucta 3

heat generated by rad ve decay (alpha and beta emission) is small, about 171 W.

Well mixed tank content a;ppears to be necessary due to the follbWing reasons:

e Help preventing sodium nitrate from solidifying in AFS cycle,

e Preventing the creation of a separate TBP phase in the tank, and

» Preventing the potential for hot spots and increased TBP-nitric acid reaction, which, if
not prevented, could generate heat in excess of the normal heat removal capability

provided by the cooling coils and cell HVAC.

We therefore consider conservatively that the failure of mixing could result in local hot
* temperature spots, which could result in an increase of temperature in the tank’s
contents (the initiating event for ROE scenario for evaporative cooling).

The same assumption, i.e., not requmng cell HVAC used for normal process control, are
also considered valid for the case when mixing has failed.
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In summary, the following assumptions are used for the PRA analysis:

1. Failure to provide cooling flow to the tank heat exchanger is assumed to be
sufficient to result in tank heat up and initiation of evaporative cooling. However,
failure of HVAC system is assumed to result in shutdown of KPC unit but not
initiation of evaporatlve cooling. Therefore, the failure of HVAC is not modeled in

PRA.

2. Failure of spray mixing is assumed to create hot spots inside the tank where
accelerated chemical reactions could take place resulting in further heat up of the
tank content, chemical degradation of TBP, and initiation of evaporative cooling.

3. Increased amount of TBP inside the tank due to inadvertent transfer would
increase the exothermic chemical reactions. The i Bc"‘ reased heat generation is
assumed not to be able fo increase the ter?g rature of the tank content
sufficiently to cause ROE if all other cooling sgste{l s, are available. However,
upon failure of the coohng or the mixing system 7 when’the evaporative cooling
would be necessary, it is assumed not to b W ffectlve d  Iguincreased amount of

The event tree for ROE scenarios f
headings for various event free branche

event is assumeégte%ccuﬁelther due to failure of the cooling system for KPC TK 3000 or
the mixing spray’l‘*Such fallﬁ?é“é if they occur, are assumed not to be recoverable; i.e.,
they are assume&%é‘t 10tto b}%stored before the temperature of the tank content reaches
80°C and evaporative codling is initiated. The major support systems that are required
for operation of these systems were identified for the purpose of the fault tree modeling.
The cooling water system cools CND 2200, CND 2800, COOL 2900 for EV 2000, and
also provides cooling to the cooling coils of Tank 3000. Upon loss of the cooling water
system, the KPC unit will be shutdown (all vessels isolated). Low flow in cooling water is
indicated through FI3000. Potential leakage of the cooling coil to the tank should be
detected through high tank level warning. The system responsible for mixing is the
~service air or scavenging air. The scavenging air flow rate and low flow warning and
alarms are provided through Fl 3001, and FWL 3001. The HVAC system depends on the
electrical power and chilled water systems; however, it is not modeled here due to the

reasons discussed earlier.

No Transfer of Separate Organics:

This branch of the event tree is estimated similar to what was discussed for the Section
for ROE scenarios for KPC-EV2000. As noted in that section this heading represents the
possibility that separate phase TBP is transferred into the KPC unit from the KPA unit

ol ush oo
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sometime before the occurrence of the initiating event which results in increased
temperature of the tank's contents.. Due to common pathways for transport of separate
phase TBP to various KPC vessels including EV 2000 or TK 3000, the PRA models
developed earlier for £V 2000 would be applicable. The probability estimated from these
models for excessive organics to be present in KPC-TK 3000 via transfer of separated
organic layer from KPA unit is shown as “No Separaied Organic” in the event tree
heading of Figure 6-1. : '

Level Contro! ar No excessive TBP;

This heading addresses the operator action required fo provide aqueous makeup to
ensure an effactive evaporative cooling process in response 1o a temperature atarm.
KPC-TK 3000 is equipped with redundant temperature transmitters with alarm which
should direct the operator to initiate the evaporative cooling process based on the level
in the tank and assuming that the total amount of organifis. is below 21 liters. The
maximum amount of organic is controlled by fiushing t PC unit every six months,
Failure to flush out is also considered as a possible fai achanism for this branch. if
the six month flushing is successful, evaporative cggil ill fail due to failure of
the temperature transmitters, the agueous mMmakes fihe required operator
actions. Allthese items are modeled under thi

ontrollers for KPC-TK3000.

Tabie 6-7 identifies various tank instrumentation
- .

(b)(2)High

-

The system for aqueous make up is decontamination water which is injected through the
spray pipe by steam jet J3400. The operation requires an operator action by opening the
steam and agueous vaive. Since the content of the TK-3000 gets diluted especially after
the massive draw off required for AFS feed (which includes nitrate salts of Na and Ga),
there wouid be ample fime available for the operator .to perform this action. The
evaporative cooling will be initiated upon receipt of a high temperature alarm, and it
would require the operator to monitor and maintain the tank level.
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Venting

The “venting” heading represents the success of venting to ensure that the evaporative
cooling strategy is successful and the solution temperature is maintained below 122 °C
(251.6°F) to prevent the ROE. Venting.is done through demister 1010 from port P2 as
shown in the tank schematic of Figure-6-6. Formal fault tree models are used to evaluate
the venting failure probability and the associated uncertainties for this heading.

Loss of Cooling or No Transfer of Level Control or Venting
Mixing in KPC-TK 3000  Separated Organic no excessive TBP OK

ROE

ROE

ROE

g%%;ﬂree for ROE for KPC-TK3000.
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EV- 2000 Drain via TK 2310 )
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Figure 6-6. Schematic Diagram of KPC-TK3000.

Ofécian Ll}se o}ny

. 6-30



Ofﬂf/fal A (?Aly

Table 6-8 shows the point estimate frequency of ROE sequences at TK 3000 under both
upset and normal TBP accumulation conditions. The frequency of the initiating event,
loss of cooling or mixing in TK 3000, modeled in the fault tree shown in Figure A-17, is

about 7.2E-04 per year.

\

Table 6-8: Frequency of ROE Sequences under Normal and Upset Conditions at TK3000 -
(Initiating Event Frequency of about 7.2E-04 per year)

ROE-TK3000-2-

Sequences ROE-TK3000- | ROE-TK3000- ROE-TK3000-1-
PUL2000 PUL3000 NC ‘NC
(Upset (Upset (Normal {Normal
Condition)/lyear | Condition)/year | Condition)/lyear | Condition)/year
ROE 5.2E-09 2.2E-11 1.9E-06 2.2E-05
Frequencies S

An uncertainty analysis was performed for all of the *RO'E “sequences for the TK 3000
code. The results are

scenanos using Monte Carlo simulation prowded | dhe SAPﬁiﬁ |
sequen@e§>the pomt estlmate

frequency, and the 5" and 95" percentile frede
dominant cutsets, to the sequences are also sh

The ROE sequences of TK 3000 t
PUL2000 and ROE-TK3000-PUL3000,%
PULSE 2000 and PULSE 3000, The P

amounts of TBP from mi ragg@

sequences are fallures o nsity, ‘ 7
’ )ain the KPA unit. Other contributors include
ansmitters, and failure of the diluent wash pulse units

The ROE sequen‘

- ROE-TK3000-2- NC%;, om the failure of evaporative cooling to remove heat and

control the runaway R,E he dominant cutsets in the former sequence are common
cause failures resulting 'in the plugging of two sets of HEPA filters. In the latter
sequence, the dominant cutset is the failure of the operator to recognize the alarm on
low level of solution in the tank and take action to add aqueous soiution to prevent the

progression of the ROE.
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Table 6-9. Summary of Uncertainty Analysis for ROE Sequences of TK3000 Scenario.

Sequences | Point Estimate 5" 957 Main Contributors
: Frequency per | percentile | percentile "~ (dominant cutsets)
: Year
ROE- 5.2E-09 1.5E-10 1.9E-08 DENSITY-CTRL-VALID
TK3000- (Ineffectiveness of density control

KPA-LAB-ALYS-1-OP-FOP
(Failure of analysis of samples at
TK9100)
KPA-PDW-2100-X-OP-FOP
.(Failure of diluent wash at pulse
2100),
KPA-PUL-2000-X-OP-FOP

, (Malfuiaiction of KPA pulse 2000)
ROE- 2.2E-11 3.4E-13 1.1E-10 DE.NSiTY CTRL-VALID

PUL2000 . at TK1000)

TK3000- &(Kln‘ ffectiveness of density control
PUL3000 ngfat TK1080)
: DTX:9501-X-OP-CCF (CCF
psmitter KPA-
PA- LAB-ALYS 1-OP-FOP
| (Failure of analysis of samples at
NTK9100)
A-PDW-3100-X-OP- FOP
ailure of diluent wash at puise
3100)
KPA-PUL-3200-X-OP-FOP
{Malfunction of Puilse 3200)
ROE- KWG-HEP-PLUG-X-OP-CF2
TK3000-1- (CCF of plugging of the two sets
NC of HEPA filters)
ROE- KPC-HMN-CONG-X-OP-FOP
TK3000-2- (Failure of the operator to
NC ' recognize level alarm)

6.6 Red Oil Scenario for KPC-EV6000

KPC-EV6000 is a natural recirculation thermo-siphon type boiler that utilizes pressurized
steam at approximately 2 bar gage and 133°C (271.4°F) as a heating fluid. EV temp is
adjusted by controlling the flow of steam. At the high temperature threshold, TT6003A/B
sends data to controller THCB003A/B which closes AOV6003A/B to terminate steam
flow. The liquid/vapor mixture produced at the top of the evaporator is separated in the
separator. The separator is comprised of a capped tray, a coalescing sieve and a
demister sieve sprayed continuously with demineralized water. The concentrates from
EV 6000 are drawn off discontinuously several times a day at a constant rate utilizing the
FIC 6100 and air lift AL6100. The concentrates are cooled by chilled water loops

EX6500/EX6501.

Analysis performed by the licensee showed that TBP accumulation will not occur at
EV 6000 and CLMN 2500 [Ref. DCS01 KKJ CG CAL H 10866A]. The licensee,
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therefore,- relied on prevention mechanism that has -been constituted to prevent
excessive transfer of TBP from KPA to KPC as the only strategy for EV 6000, KPC EV-
6000 is equipped with several process monitors that protect the vessel from other
hazards and may indirectly help the prevention of ROE in an unlikely event of excessive
transport of TBP from KPA to KPC. These instrumentations and controls are noted
below in Table 6-10. _

(b)(2)High

hed at 133°C (271.4°F);-this impiies the
fC (249.8°F), which governs the TBP

destruction rate.

2. During an in EV 2000 a scenario could be envisioned that
Bged (steam stripped) and accumulated in the feeding
ate pot of EV 2000). The increased amount of TBP

ated tayer in this feeding tank. Since this feeding tank also

| between EV 2000 and EV 6000, its level is monitored

e separated layer is drained to EV 6000, it would result in

joss of vacuumW¥in EV 2000 and subsequent shutdown of the KPC unit.

Therefore, only soluble TBP could be fed tc EV 6000. Furthermore, the

concentrate in EV 6000 is drawn several times a day such that TBP

accumulation is unlikely. In addition, the operator could detect the low density via
DI-6000.

3. If for some reasons, such as occurrence of a highsr vacuum condition, the flow

rate in EV 2000 could increase, thereby increasing the amount of TBP that is
camied out to EV 6000, Such an increased amount of TBP is unlikely to exceed
the TBP destruction rate in EV6000 and furthermore #t can not be accumulated
because of reasons discussed under item 2 above.
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The following conclusion was made based on the previous discussion:

There is a possibility, although unlikely, of an event that transfers large amounts of TBP
to KPC tanks/vessels from KPA due to failure of multiple prevention barriers. In case an
ROE does not take place in any of these vessels/tanks, there would be a potential for
higher than normal TBP in EV 2000 to be carried with the distillate such that the TBP
concentration entering EV 6000 significantly increases. Since the distillate is condensed
and then drained to EV 6000, the soluble TBP concentration could vary from about
50 mgl/liter up to 300 mg/liter (the latter corresponds to the saturated TBP solubility in
nitric acid). Considering the nominal flow rate of 30.5 liter/hr, the maximum accumulation
of free organic in EV 6000 within 8 hours (assuming only 50 mg/l is destroyed) will be
limited to about 61 grams.. Frequent draining of EV 6000 and high operating
temperature, which is expected to destroy all 300 mg/liter of soluble TBP, will
significantly decrease the likelihood of ROE. Transfer of separated phase organic is
protected through multipie barriers prior to EV 2000 an%the likelihood of separated
phase TBP to be established in the condensed distillate nd?’transferred to EV 6000 is
judged to be unlikely, since it will result in loss of vacu V 2000 and shutdown of
the KPC unit. This scenario is, therefore, not modeled%a y further quantitatively and it is

screened out qualitatively.

6.7 Red Oil Scenario for KCD EV<3000

The oxalic mother liquors, supplied frog@ he:Jeedmg tank TK 2000, are concentrated in
the natural circulation thermo-siphon e orak
boiler used for evaporation of the feed s

et
ld (steam) occupies the shell side and the
the tubes. Instrumentation is used for
rature The evaporator also includes a

rectification column w is the steam, rectifies the acid, and

decontaminates the distil

@) The lqwd level in the evaporator measuring tube is regulated by
| }gé’ The concentration factor of the oxalic mother liquors is
[ rate of the concentrate.

a vaporizer (EV{
the evaporator feed%ﬂew
determlned by the dram

The vaporizer EV 5000 is equipped with diverse IROFS for high temperature and high
pressure control (TT5101A and THC5101A) which close the steam valve AOV5300A to
the EV 3000 boiler. The normal steam temperature is 130°C (266°F) and it is controlled

below 133°C (271.4°F).

The distillates from the rectification column of the evaporator are condensed, cooled to a
temperature of approximately 40°C (104°F), and directed downward to a passage pot.
From the passage pot, the distillates are supplied via the reflux system to the top of the
evaporator at a regulated rate -or to the distillate control tank,

6.7.1 Conditions Necessary for ROE

The conditions necessary for ROE in EV 3000 are assumed to be satisfied if a sufficient
amount of TBP is present; however, the amount of TBP that enters the evaporator from
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the feeding tank TK 2000 is controlled below its solubility limit of 50 mg/liter. This small
amount of TBP will be fully and safely reacted in the aggressive environment that exists
in'this evaporator. The vessel in effect is protected by the prevention strategy. This study
conservatively assumes that the ROE could occur if the soluble TBP amount is not
controlled or if a separated phase of TBP is transferred to the evaporator.

6.7.2 Potential TBP Transfer Mechanism from KPA to KCD

There are three mechanisms for transferring organics (TBP/HPT) into the KCD
evaporator EV 3000. These are as follows:

1.

destroyed in EV 3000), could occur

Small quantities of soluble TBP.that are transferred when the facility is operating
properly. This is considered normal operation and the transferred TBP amount is
assumed to be completely and safely destroyed by the aggressive environment

accumulation from KPA is due to tra

in the KCA batch constlti;tl
sufficiently low. T?““& 4
IROFS (i.e., vessel liso

boratory samplmg process, and communication of
)t{ary © the control room) are considered to ensure that the
) ;@e of.gﬁ’e contents of the tank. The m|xmg of tank contents

. malfunction leading to the transfer of a relatively large volume
of solvent. There are several different barriers that are designed to prevent such
malfunction. As an example, diluent wash KPA-PULSE 3100 is designed and
operated such that it removes solvent droplets that are mechanically entrained
with the aqueous phase, reduces the amount of TBP dissolved in the aqueous
phase, and potentially breaks up any TBP transferred in the form of an emulsion.
Third phase formation is also controlled by addition of appropriate chemical
agents. Similarly, there are two safety barriers that can be considered for this
scenario. The effectiveness of slab settler 3300 to separate out the separate
phase TBP/HPT is considered as the first barrier. The process sampling that is
performed upstream in the KCA batch constitution tanks to confirm that the
amount of soluble TBP is sufficiently low is considered as a second barrier.

There is also a possibility that solvent solution has leaked into the KWG active
gallery drip tray and is transferred to a KCD break pot. A preventative safety
strategy is utilized by taking IROFS samples in this drip tray to test for the

ot st Oni”
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presence of TBP prior to transfer to KCD. If these samples contain TBP, then the
solution is not drained to KCD and would be drained either to the KPA process
unit or pumped to a drum for separate treatment.

Figure 6—7 shows the various possibie transfer paths of solvent to- KCD EV 3000. Safety
barriers and the equipment that could help in preventing the solvent from reaching KCD
EV 3000 are shown by boxes that have double line boundaries.

The movement of a separate phase of solvent to the KCA unit should not occur, since
the KPA unit is designed with both a diluent washing pulse column and a slab settler
tank. The slab settler tank is equipped with redundant IROFS density instrumentation
and a related administrative control that requires the settler to be preloaded with
aqueous liquid. These IROFS are credited for the prevention of moving separate phase
solvent to downstream vessels in the KCA and KCD' units and, reduce the risk of ‘a -
solvent explosion event in the heated equipment of thes§§mnit3. Redundant density
instrumentation in the settler have also been identified to "IROFS to ensure: (1) the
density interface on the settling side of the settler doesinot:drop below the weir height,
(2) the settler is not initially filled with the lighter &eﬁ&sity material, and (3) the lighter
material is not sent to the KPA oxidation column.;ﬂféﬁ%s, the c%w tion of the passive

instrumentation ensure that explosions involv‘m{v 'S¢
the KCA and KCD units due to separate phase sol

\dg;@e with an HPLC analyzer (2 channels per
ent device.
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y ] CLMN 6000/6500
KPA-PULSE2200 PU RECEPTION TANK 7000
KPA-PULSE3000 l
KPA-PULSE3200 [~ '

BATCH TANKS'
KCA-TK1000/2000 & DRIP
ROUTINE SAMPLES
' DILUENT TRAY
KPA-PULSE3100 ASH ‘ - ALLERY
RECEPTION TANKS
FEEDING TANKS
SLAB SETTLER 3300 e _l —
& I KCD-EV3000

DENSITY MONITORS l I

Figure 6-7. The vanous transfer aths ofs

Q;{Z‘ nt to KCD EV 3000 and the
X

The event tree for the slow cu

separate organic phase m‘a%Cl p&ratbrﬁ EV 3000 (TBP in excess of what can be

JTBP/HPT accumulation from KPA is assumed to have
, r%le of solvents which are mechanically entrained with
the aqueous ph ase due toNimproper operatlon of pulse umts In addition to the diluent

wash column (P

effectiveness of sla“‘
as the first barrier. Process*sampling in the KCA batch constitution tanks to confirm that

the amount of soluble T§®P is sufficiently low is considered as the second barrier.

The event tree for a severe process malfunction leading to the transfer of a relatively
large volume of solvent is shown in Figure 6-9. There are several different barriers that
are designed to prevent such a malfunction. For example, diluent wash KPA-PULSE
3100 is designed and operated such that it potentially could break up any TBP
transferred in the form of emulsion. Third phase formation is also controlied by addition
of appropriate chemical agents. Similar to the event tree shown in Figure 6-8, there are
two safety barriers that can be considered for this scenario. The effectiveness of slab
- settler 3300 to separate out -the separate phase TBP/HPT is considered as the first
barrier. Process sampling in the KCA batch constitution tanks to confirm that the amount
of soluble TBP is sufficiently low is considered as the second safety barrier. The event
" tree also includes the paths for the TBP/HPT to be introduced via the KWG drip tray
gallery. For this to occur, it is assumed that the TBP/HPT is introduced to the drip trays
due to some unknown malfunction such as failure of the slab settler.
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6.7.4 Description of the Event Tree Headings

A brief summary of the various headings used in the event trees is provided here. Each
individual summary of an event tree heading includes the description of the heading, the
definition of success criteria including the major failure paths, and the modeling

approach.

Solvent Transfer Mechanical Entrainment

This event tree heading relates to operational malfunction in any of the three KPA pulse
units: Pulse 2200, 3000, and 3200, causing an excessive amount of organics to be
transported downstream into the KPA diluent wash column 3100. Per empirical
evidence, this event is expected to occur with a frequency of about 1 per year.
Assuming this is an estimate per pulse column, a frequencygé%about 3 per year for this
top event is assumed in this study. This estimate is con§ icted on a weak empirical
basis therefore it is expected to be uncertain. For urpose of this anaIyS|s the
estimate is assumed to be log normally distributed with*an erro; fa

Solvent Transfer Pulse 3100 Slab settler Sampling in
Mechanical entrainment . Effective KCA Batch Tank

OK
oK
OK
ROE
Figure 6-8. Event Tree for ROE in KCD-EV 3000 due to
Solvent Transferred by Mechanical Entrainment.
6-38
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S ling i i
Separated phase Pulse 3100 Slab Settler Ké(l:n;pal:tirl‘n Sampling
Effective ) Drip Tray

TBP transferred
Tank
{Malfunction) n

OK
OK

OK

" ROE

ROE

Figure 6-9. Event Tree for ROE in KCD:EV:3000;catised by Transfer of Separated
Phase of Solve Process Malfunction.

Pulse 3100

This heading represents thessi ofithe’wash column 3100 to break up and separate
the entrained org@ﬁ?@i@’%@?@%&@%@&as a result of an operational malfunction. There is
" currently no emgjﬁ@?l‘da%@uﬁ%va formal estimate of the failure of the wash column

to break up an act the ‘organics. A subjective failure probability with a mean of 0.25

and error factor of<3 is.assi mé assuming lognormal distribution.

Slab Settler Effectivenes:

R

This heading represents the success of the slab settler to prevent the transfer of

organics, in excess of their solubility limit, which could be inadvertently introduced by
malfunction of the KPA pulse columns upstream of the KCA batch tanks. The slab settier
is a passive feature that utilizes its design to produce a settling time that aliows the
density differences between the separate phase solvent and the agueous solution to
cause the segregation from one another. A weir in the slab settler prevents the lighter
density separate phase solvent from moving downstream to the KCA and KCD units.
The slab settler consists of two chambers separated by a baffle. The two chambers in
the settler communicate through an opening. A schematic drawing of the settler that
displays the overall design and the location of the levels of the organic and aqueous
phases is shown in Figure 5-7 in Chapter 5.

The slab settier is made of 304 L stainless steel, has a useful volume of 20 L, and is
geometrically safe (a slab) for the plutonium nitrate reference fissile medium. Plutonium

Ofﬁc}(u}.e/oy{ |
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nitrate solution from the plutonium diluent washing pulsed column is fed to the slab
settler. The arch drain pipe and the settler chambers are also connected. The arch drain
is fed to the CLMN 6000 via an Airlift AL3330. Any organic phase in the solution will
separate in the settler, since the organic phase and the aqueous plutonium nitrate
solutions are non-miscible. The lighter organic phase will rise to the top of the liquid
while the plutonium nitrate agueous solution remains on the bottom. The solution
remains in the slab settler long enough to ensure separation of any organic solvent from
the solution. A failure or blocking of the arch drain connection will terminate the flow out
of the settler drain; therefore it is not considered a failure for ROE concern. A siphon
device is also provided to empty the slab settler to the plutonium rework tank TK8500.
The siphon device uses an air ejector to induce a vacuum in the siphon device. The
vacuum draws the solution from the slab settler through the siphon device. From the
siphon device, the solution drains to the piutonium rework tank.

Ty

o ensure that the organic
xidation column. At a low

Density is measured and controlled in the KPA slab settle
solution (TBP/ HPT) is not transferred downstream to th
density threshold of 980 Kg/m®, the low density transmitfe PA-DT3300A/B transmit a
signal to the low density controllers KPA-DLCBBOO%ﬁB‘" hich in turn signal KPA-
AQOV3331 A/B to close. Closing of either one of the“‘ edundaw\ R@FS valves stops the
air flow to AL3330, which stops transfer of proce%solution fromk%%A SET 3300 to KPA-
CLMN 6000. Settler operation is optimized and‘*’s"‘tg%%g ﬁégme is controlled by flow into and
out of the settler. Over-draining a settler due 0 perational failures could result in
transfer of the organic layers via AL3’%3 i v&engmeered density monitors fail.
Operational failures similar to what were % ve could still be detected by the
density monitors, which are also mode.w ; rees for the slab settler. The only
other settler failure mode consider §§d for thiseé y is’loss of internal integrity, i.e., failure
of the baffle due to corrosiopgor-any: othe
slab settler are discussed bélow.

a.

Operational practzceS‘ ap>’settler are designed to ensure that the density
interface on the’%settlmg snde ) the settler does not drop below the weir height. This is

?that sufficient settlmg time for the separation of orgamcs
from -aqueous is provided. If such operational failures occur, the active engineered
density loop could detect the low density interface below the weir wall and shut the air lift
on the drain line, thereby stopping the transfer. Therefore, a failure of the active
engineered system is necessary for any operational malfunction to result in a transfer of
the organics upstream of the slab settler to the oxidizer column 6000. It shouid be noted.
that the density monitor response time is of the order of seconds. The licensee's
analysis, assuming a 10 second response time for density monitors and nominal flow
rates, showed that the amount of TBP transferred is negligible for ROE concerns.

Two operational malfunctions, when combined with the failure of the active engineered
system, are considered as a system failure. These are: failure of administrative control to
initially fill the slab settler with heavy aqueous solution and failure to control flow such
that insufficient time is available for separation to take place (over-draining). To estimate
the potential frequency for such operational mishaps, data for loss of feed water control
in NPPs was considered to be a possible surrogate for this failure mechanism. This data
shows a probability of about 0.1 per demand. A pilot testing of the slab settier provided
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in a supporting document [CETL-4003-EXP-0003, Experimental Final Report
Concerning the Efficiency of the Slab Settler to Separate Organic materials from an
Aqueous Plutonium Nitrate Solution] reported a failure rate of about 0.05 based on one
case out of 21 case runs that the settler did not perform effectively (1/21= 0.05 per

demand).
b. Slab Settler Active Engineered Density Monitors

The active engineered system for the slab settler consist of two density transmitters
KPA*DT3300 A/B, two density controllers KPA*DLC3300A/B, and automatic isolation
valves KPA*AQV3331 A/B to prevent: (1) the introduction of solvent into equipment
which can operate at a temperature above the safety (LFL) fimit and (2) the
aqueous/organic interface on the settling side of the slab settler (KPA*SET3300) from
dropping below the weir. The fault tree models are developed for evaluating the-failure
probability of this active engineered safety system taklng into account the following

considerations.

Pneumercators are used for density monitors. They%ﬁave 4

cnsmn of about 2% but
they require compressed air and periodic prec15|o cali

‘Blockage of the dip legs
Insufficient or Ioss of chargmg anr}im
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Lack of response or slow resp 3 ey are operated for a long time at

high or low range.

As is evident from the
pneumercators is a functip
generic failure rate of 1,13@%1
for this study and cg smodi

failu. identified above, the failure rate for
ca 'Qﬁéaatlon interval and the service condition. A
hourfor’level measuring instruments is currently used
.pending additional information.

c. Failure orLoss of Integrity of the Slab Settler Baffle

The failure or loss te@rity of the baffle area due to erosion and corrosion is also
considered as a failure mechanism. The data on corrosion in hot (boiling) nitric acid that
is relevant to possible corrosion failures of the baffle indicates that for 65 wt% HNOS3,
type 304 stainless has a corrosion rate of 0.2 mm/year [and type 316 stainless of
0.3 mm/year]. The baffle material is SS 304 and it is 5 mm thick. The baffle itself is not
under any loading or tensile stresses. Therefore, the mean time between failures
estimated based on loss of 2 thickness is about 12.5 years which corresponds to failure
rate of (9.0E-6 per hour). Given failure of baffles, it is assumed that the organics can be
inadvertently transferred if the height of the organic phase falls below the opening of the
arched drain tube and the density loops do not shutdown the discharge. For this study, it
is assumed, conservatively, that the organic height always falls below the iniet of the

arched drain line.

Sampling in KCA Batch Tanks

This heading refers to successful detection of the organics via sampling of the KCA
~ batch tanks, therefore preventing the organic from reaching the high temperature
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components in KCD. The batch constitution tanks are annular tanks of 600L each.
These are sampled approximately at the rate of 2.2 batches per week and 2 samples per
batch, via mixing and three air lifts. This is very similar to the other sampling
measurements modeled in Section 6.4 above. The samples are analyzed for many
things but are specially monitored for TBP and pH. TBP measurements are done with an
HPLC analyzer (2 channels per analyzer) and the pH with a pH.measurement device.
Similar to other sampling models, it appears the failure rate is driven by human errors
associated with drawing off or analyzing samples. In the unlikely event that the solvent.
passes through the KPA slab settler in such amounts that it could become a separate
phase in the KCD evaporator, process sampling in the KCA batch constitution tanks is
credited in the PRA to confirm that the amount of soluble TBP is sufficiently low. Thus,
these sample points and the associated administrative IROFS are considered to ensure
the sample is representative of the contents of the tank (i.e., vessel isolation, vessel
homogenization, sample line purging, sample vial traceability, laboratory sampling

process, and communication of results from laboratory to the<Sontrol room).

Sampling in Drip Trays
A drip tray within the process cell in the KWG unitéggﬁﬁ%cts leaka om the equipment in
the room. Leakage collected in the drip tray}%@ifi@ga%gled ‘andXanatyzed before it is

transferred to the KCD unit. In the event that the liguid irvthe drip tray contains solvent, it

2
is not transferred to a KCD unit, but is instead transl E?d via a remote pump into a drum
for proper disposition, since steam jet @perations result in elevated temperatures. The

imple is taken to establish the source of the

ot fault tree for this case.

W in Table 6-11 are due to the sequences
””’fggyrefer, respectively, to ROE due to solvent

displayed in Figure 6-8 an
nt, ROE-EV3000-STME, and ROE due to separate

transfer by r‘nechanégqglﬁen??é{

" phase TBP trans&ggg;;;a {

sampling in th%&gtch tan OE<EV3000-FBT, or in the drip tray, ROE-EV3000-FDT.
The point estimatesfrequencies range from about 9E-06 per year for solvent transfer by
mechanical entrainment, to. 3E-06 per year for solvent transfer caused by severe
process malfunction, d@‘f&bsequent failures of sampling in the batch tank, and about

6E-7 per year for samﬁﬁ%ﬁ%ailures in the drip tray.

e

%%sd b ~§é;yere process malfunction and subsequent failure of

Table 6-11. Frequency of ROE Sequences at EV3000 (per year).

Sequences ROE-EV3000-STME ROE-EV3000-FDT . ROE-EV3000-FBT
(IE frequency: 3 per (IE frequency: 1 per (IE frequency: 1 per
year) year) year)
ROE 9.2E-06 5.8E-07 3.1E-06
Frequencies

Table 6-12 provides an uncertainty analysis for the EV 3000 ROE scenarios using the
Monte Carlo simulation provided in the SAPHIRE code.
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Table 6-12. Summary of Uncertainty Analysis for ROE Sequences of EV3000 Scenarios.

Sequences | Point Estimate 5" 95" | Main Contributors
Frequency per | percentile | percentile (dominant cutsets)
Year
ROE- 9.2E-06 '6.0E-G7 3.4E-05 KCA-FET-SAMP-X-OP-FOP
EV3000- (Fraction of time between
STME successive samplings)

KCD-PDW-3100-X-OP-FOP
(Failure of diluent wash at pulse
3100) :
KPA-ALX-3330-X-OP-FOP
(Failure of air lift to stop process
solution transfer)
KPA-OPER-XXXX-X-OP-FOP
(Opené@onai failures of slab

sexﬂféﬁ’

ROE- 5.8E-07 2.6E-08 2.3E-06

EV3000-
FDT

Y]
KCD-PDW;:3100-X-OP-FOP
(Bailure of\gﬂ'uent wash at pulse
3100) :
| KPA-ALX-3330-X-OP-FOP

(Failure of air lift to stop process
Nzsolution transfer)
| KPA-OPER-XXXX-X-OP-FOP
.| (Operational failures of slab
settler)
KCA-FET-SAMP-X-OP-FOP
(Fraction of time between
successive samplings)
KCD-PDW-3100-X-OP-FOP
(Failure of diluent wash at pulse
3100)
KPA-ALX-3330-X-OP-FOP
(Failure of air lift to stop process
solution transfer)
KPA-OPER-XXXX-X-OP-FOP
(Operational failures of slab
settler)

ROE-
EV3000-
FBT

The point estimate frequency of ROE occurrence at EV3000 due to solvent transfer by
mechanical entrainment is about 9.2E-06 per year. The dominant cutsets contributing to
this frequency are: failures of sampling between successive sampling intervals in the
KCA batch tanks to detect organics in case of the solvent transfer by mechanical
entrainment, failure of diluents wash at Pulse 3100, the failure of the single air lift to stop
the transfer of process solution from KPA-SET 3300 to KPA-CLMNB6000, and operational

failures of the slab settler.

In case of a severe process malfunction leading to the transfer of a relatively large
volume of solvent, if the slab settler fails to stop the transfer of the solvent, the failure of
detecting organics via either the sampling at KCA batch tank (indicated by sequence

Of%l U/é O)!(y
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ROE-EV3000-FBT in Table 6-12) or the failure of sampling at the drip tray (indicatéd by
sequence ROE-EV3000-FDT in Table 6-12) wili cause an ROE excursion. The annual
frequencies of the ROEs are 3.1E-06 and 5.8E-07 per year, respectively.

For the sequence ROE-EV3000-FBT, the dominant contributions come from the failures
of diluents wash at Puise 3100, the failure of the single air lift to stop the transfer of
process solution from KPA-SET3300 to KPA-CLMNG6000, and operational failures of the
slab settier during one sampling interval of the KCA batch tanks. To model the fault
exposure time caused. by the sampling interval of KCA batch tanks, a basic event is
introduced to facilitate the probability calculations. This basic event is described in
- Table 6-10 as “Fraction of time between successive samplings,” and it is denoted as
“*KCA-FET-SAMP-X-OP-FOP.”

For sequence ROE-EV3000-FDT, the dominant contributions come from failures of
sample analyses at the KCD drip tray to detect organics, theifailure of diluents wash at
Pulse 3100, the failure of the single air lift to stop the transfer of process solution from
‘ the slab settler.
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7. - SUMMARY AND CONCLUSIONS

The study presented in this report is an analysis of issues refated to the risk of red oil
excursions (ROE) in the proposed MOX Facility (MFFF) and contains insights that could
be useful in staff reviews of the MFFF License Application. The objective of the study is
to provide an independent assessment of the risk of ROE in the MFFF based on the
“design contained in the license application (LA) [7-1] submitted by the applicant for an
operating license and analyzed by the licensee in the accompanying Integrated Safety
Analysis Summary (ISAS) [7-2]. This effort is a part of a larger program of technical
assistance to NRC staff in the area of risk-informed decision making for fuel cycle
facilities. It is clearly understood that the results of the study are meant to convey an
independent perspective on risk to the NRC staff. They are not meant to serve as the
basis for any determinations related to facility Ilcensmg that will be made under the
reqmrements of 10 CFR 70.

BNL carried out an earlier study of the risk significance o ﬁt -red oil phenomenon based
on the design of the MFFF revealed in the CAR [7-3].&4
the CAR design was preliminary, particularly with r
for prevention and mitigation of red oil events in¢
study did identify and rank the risk significant,

red oil excursions based on the CAR system"‘é

imilar to that used in fuel reprocessing
S|st|ng of weapons- grade plutomum The

propylene tetramer (HPT)

processes. The ROE ;

oxidation reaction{that*ca occ ra»w en the organic solvent TBP, and its degradation
products, come%%%ontac g condentrated nitric acid at elevated temperatures. Such
events have oc;curredbefosé3 iin the U.S. and other countries, in facilities that employ
extraction technology ir'to what is proposed to be used at the MFFF. These
reactions occur contin §Jy over a wide temperature range but the reaction rates and
the heat and gases generated at lower temperatures below about 60 °C are low and
passive heat removal and normal venting are adequate. At higher temperatures (about
80°C and higher), facility-specific heat removal measures are needed along with actions
to ensure that the amount of TBP that can enter heated acid-bearing vessels is limited.

The phenomenology and chemistry of ROEs is reviewed in Chapter 3, along with a
discussion of various factors that can promote the occurrence of a ROE. The red oil
reaction analyzed in this report is focused on TBP-nitrate thermal .reactions. It is
possible that radiolytic dissociation of organic compounds could lead to the formation of
more reactive species that could promote ROEs. However, the quantities of
radionuclides involved in the MFFF are fairly small compared to those in fuel
reprocessing plants and their decay rates are also low; this radiolytic dissociation was
not considered in the study.
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Safety Strategies for Red Oil at MFFF

The safety strategy and dpproach for coping with the possibility of ROEs proposed in the
LA and analyzed in the ISAS is significantly different from what was discussed and
assessed in the CAR design. The overall strategy consists of three elements:

1.

7.3

Segregation of separate phase solvent (TBP) from acid bearing and heated
process equipment such as evaporators; this is meant to ensure that a separate
phase of TBP or TBP in excess of its solubility limit that could be entrained with
the .aqueous phase does not come into prolonged contact with highly
concentrated nitric acid at elevated temperature. This strategy is implemented
through process sampling and density monitoring and control, and also includes
a passive engineered system, a slab settler, to allow for the separation of organic
and aqueous phases based on their density dlfference The IROFS credited for
this strategy include sampling points and proced A‘% process density control
loops and monitors, and a slab settler. '

from all possnble sources including the ex uc reactions such as the solvent-
- nitric acid reaction (at relatively low tem The temperature of the
surrounding environment is cogt%‘lied %29 ent _adequate heat transfer during

routine and pre-defined upset condltins The” IROFS credited inciude: the
geometry of process vessels, te ;}’ St '
and limit self-heating, } 'ga%venﬁg tef*reheve pressure from any gases evolved

h

in the reactions, and p eagent**samplh \

prowdes for heat removal via evaporation of
eated process vessels where some (limited)

Evaporative cooling”%
water in the A@g&eou
amount of DSk

requires th fu
aqueous to Tﬁ?u » a maximum TBP Iayer depth, a maximum process solution
temperature an open, vented system. The IROFS credited for this strategy
are process sampling and administrative flushing to limit the amount of TBP
accumulation, level controls to maintain the minimum aqueous to TBP mass
ratio, temperature controls to limit solution temperatures, and an offgas venting
system to relieve pressure from gases released in the reactions.

Limitations of the BNL Study

The BNL study is a limited-scope probabilistic risk assessment (PRA) model that
evaluated the failure of some of the safety strategies due to internally initiated process
deviations. In particular, the PRA model focused on (1) the failure of evaporative cooling
in selected process vessels, and (2) the failure of the TBP prevention strategy, through"
such events as emulsification, and the formation of a third phase or a rag layer, leading,
eventually, to a violation of the success criteria for evaporative cooling. The PRA can be
considered a limited-scope risk assessment for several reasons:
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The generic risks due to external hazards, such as seismic events, internal fires,
or loss of offsite power events, including station blackout, were excluded from the
analysis. These initiating events can potentially lead to other high consequence
outcomes, similar to ROEs, and would have greatly enlarged the scope of the
study, which is limited to ROEs only. Also, according to the ISA Summary, the
applicant has taken a number of steps and actions through the installation of
IROFS to reduce the likelihood of internal fires as well as the likelihood of
externally initiated event sequences to low vaiues consistent with the highly
unlikely category of event frequencies.

Second, the red oil reaction analyzed in the study accepted broadly the
characterization of the red oil phenomenon developed by the applicant by
focusing on thermal decomposition reactions alone. The impact of radiolytic
dissociation on the red oil reaction was not consideredbecause radiolysis would
have a relatively minor impact in the MFFF as /g concentrations and decay
rates of the radionuclides invoived are relatlvely,t

Failures of the heat transfer strategy were
strategy applies to the adequacy aff

conS|dere the analysis. This
sswe-heat tﬁansfer to the room

The semi-empirical pio dor [BP-nitrate reactions developed by the
d 6 above, and used to set the success’

criteria for the evapo %
further evaluatlon o\% norfT 'on The applicant considers this model to be

i d on the heat generated in a pure TBP-nitric acid
reaction
its resutt
broadly ésentati
|ndependen?¥a

considered far be

the selection of one particular set of experlments as
ve/ of the heat evolved in TBP-nitrate reactions. Any
ment of the limitations of this model, however, was
d the scope of the PRA. '

.Qualitative Assessment of ROE

Chapter 5 of the report provides a qualitative assessment of the factors that may
contribute to the possibility of ROE in the various process units comprising the Aqueous
Polishing (AP) Unit. There are eight process units within the AP process where organics
and nitric acid either contact each other during normal operation or have the potential to
come into contact. These are: (1) Purification cycle (KPA), (2) Solvent recovery (KPB),
(3) Oxalic precipitation and oxidation (KCA), (4) Oxalic mother liquor recovery (KCD),
(5) Acid recovery (KPC), (6) Aqueous waste reception (KWD), (7) Solvent waste
reception (KWS), and (8) Laboratory liquid waste receipt (LGF). These eight units are
potential candidates where ROEs can occur; the BNL study focused on units (1) through
(5) since the process conditions there place them at a somewhat higher risk of a ROE
compared to units (6) through (8). Each of the five process units was evaluated for the
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possibility of a ROE in terms of the equipment employed, the sequence of opefations,
and the conditions (temperature, pressure, etc.) under which the operations occur.

Based on the heat sources present, the heat balance and the potential for TBP transfer,
four vessels in two process units were selected for more detailed evaluation. These
were the first and second stage evaporators EV 2000 and EV 6000 in the acid recovery
unit, the concentrates collection tank TK 3000 .in the acid recovery unit, and the
evaporator EV 3000 in the oxalic mother liquor recovery unit.

For each of the vessels selected, a qualitative safety review was performed followed by
a quantitative risk assessment of ROE. The qualitative review is summarized first
followed by the quantitative risk assessment in the next section.

EV 2000 is a natural recirculation thermosiphon type boiler, which utilizes pressurized
super heated water as a heating fluid. Nitric acid vapor distillates from this evaporator
are condensed and routed to a feed buffer pot that degotiples operation of the first
evaporator from the second evaporator. EV2000 ope@ 'es@mder vacuum. The normal
process temperature is below 66°C and the normal %{p T heated, hot water temperature
is 105°C (221°F). The hot water system temperatur@ts equipped: ,lth controls to ensure
a maximum temperature of 122°C (251.6°F) i ot v%@Iated he red oil prevention
strategy applied to EV 2000 is evaporative cool xag Wo conditions are necessary for a
viable ROE scenario to occur: (1) a rising proces : perature above 80°C (176°F); this
can be due to an inability to maintain
(251.6°F) or the occurrence of a he
evaporative cooling to successfully m
ROE. The success criteria fo
aqueous phase to TBP ratio, @

% v’
ing nvolve maintenance of a minimum
layer depth, a maximum process solution

failures (loss of temperatuf‘
failure), human falluresiggpera V

eat exchanger tube ruptures, venting system
@aﬁgure to flush the system on schedule as required),

liguid waste area of the@@WD unit. The tank is cooled by a coopling water loop, and is
maintained in a well-mixed condition by an air sparger to prevent the formation of any
hot spots within the tank that could lead to an initiation of a ROE. TK 3000 operates
normally at a temperature around 40°C. If the temperature reaches a set point of 80°C.
(176°F), steam jets will be shut off, and the solution volume is verified and maintained at
42 liters to ensure that the evaporative cooling would be successful. The red oil safety
strategy for the concentrates collection tank TK 3000 is also evaporative cooling. A six-
monthly flushing of the tank contents is performed-to ensure that any accumulation of
TBP is limited to an amount that is within the criteria for successful evaporative cooling.
Semi-annual flushing ensures that the amount of TBP is limited to 21 liters in the tank.
Two conditions are necessary for a viable ROE scenario to occur: (1) a rising tank
temperature to 80°C (176°F) due to failure or degradation of the tank cooling/mixing
system and (2) failure of evaporative cooling. Chapter 6 provides an assessment of the
conditions under which the success criteria for evaporative cooling in TK 3000 could be
violated.
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EV 6000 is a natural recirculation thermo-siphon type boiler that utilizes pressurized
steam at approximately 2 bar gage and 133°C (271.4°F) as a heating fluid. Distillate
from EV 2000 is re-evaporated in steam heated EV 6000. The conditions for a ROE in
EV 6000 exist if sufficient TBP is present. Hence, the red oil safety strategy for
evaporator EV 6000 is TBP prevention, viz. the sampling instrumentation and density
monitors installed to prevent an excessive amount of TBP transfer from the KPA to the
KPC unit. While process upsets in EV 2000 could conceivably transfer TBP to EV 6000
via entrainment, further analysis showed that any separate phase transfer was uniikely
and easily detectable since it would cause a loss of the vacuum seal between EV 2000
and EV 6000, which would lead to a shutdown of the KPC unit. The small amount of
soluble TBP transferred would be easily destroyed in the conditions prevailing in EV
6000. Hence, as discussed in detail in Chapters 5 and 6, the possibility of TBP
accumulation in EV 6000 is significantly lower than in EV 2000 so the scenario for ROE
in EV 6000 was not modeled quantitatively but was screened out qualitatively.

ch concentrates the oxalic
evaporator includes a boiler
stification column. It has a
pies the %SIde and the mother
he condltlons f@ffa ROE in EV 3000
,g@’ BP prevention is the main red oil

EV 3000 is a natural circulation thermo-siphon evaporator
mother liquors, supplied from a feeding tank TK 2000,
used for evaporation of the feed solution and refiux
tubular heat exchanger. The heating fluid (steam

mg/liter. This small amount of TBP will
environment that exists in this evaporat 4 1N
ROE could occur if the soluble IBP am ot controlled or if a separated phase of
TBP is transferred to the evapt Y Wa
limit could occur are dlscbjm "”Ez! in
accumulation of mechanic: ained droplets that eventually create a separate phase
of TBP or a severe proces a!f ctlﬁzl}% ading to a transfer ofa relatlvely large amount

slab settler at ack end fthe KPA unit and the process sampling controls in the
KCA batch con E‘@n tanl y; that ensure that the amount of soluble TBP passing
through the unit dqwnstream to the KCD evaporator remains sufficiently low.
Operational failures in tRgjpulse columns, the slab settler, and the sampllng controls that
could allow TBP transfer to EV 3000 are analyzed in Chapter 6.

7.5 Quant|tat|ve Assessment of ROE

Quantitative evaluation, using accident sequence delineation presented in the form of
event trees and fault trees, was carried out to gain further insights into possible
combinations of failures that could lead to ROE in the process vessels selected after the
qualitative assessment, i.e.,, EV 2000, TK 3000, and EV 3000. The details of the
assumptions and modeis underlying the quantitative assessments are outlined and
discussed in Chapter 6 and the fault and event trees are provided in Appendix A.
Quantification was carried out using the SAPHIRE code to obtain the point frequency of
a ROE and a 5™ percentile and 95" percentile frequency to show the range of
uncertainty. The results are displayed in Chapter 6.
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The ROE scenario in EV 2000 is modeled under two conditions of TBP accumulation:

(1) normal accumulation of TBP, which refers to an accumulation of a small amount by

mechanical entrainment with the aqueous phase, and (2) upset accumulation of TBP,
which can occur due to a severe process malfunction such as formation of an emulsion

that can transfer large quantities of solvent.

Under the first condition, high solution temperature and failure of the evaporative cooling
strategy is necessary for a ROE to occur in EV 2000. The initiating event. for this
scenario is the increase in solution temperature which can lead to a ROE if the
evaporative cooling strategy fails. This initiating event can happen due to a loss of
temperature control or a heat exchanger tube rupture. The former .is modeled via a
standard fault tree model and the latter via generic data. The next top event in the event
tree models the different by which the various success criteria for evaporative cooling,
viz., maintaining the aqueous to TBP mass ratio and the TBP layer thickness, can be
violated. The first can happen due to operator failure to flusk the vessel at the end of a
six month period, which is conservatively assumed use an unavailability of
evaporative cooling for six months until the next fiushi ] is required. -This failure
is modeled V|a a fault tree based on human error pr ty“to earry out an action. The

y a two-train system consisting of
fans and HEPA filters with an addltlonaa@f by. Failure of venting is modeled
via a fault tree to evaluate the venting fa here are two ROE sequences
for this scenario; in the first the level ¢ ccessful but venting fails, while in the
second, the amount of TBP_.acc

evaporative cooling. The dom ! e first sequence is common cause failure
.second sequence, the dominant cutset is

%ve to occur. The transfer is assumed to begin with
a severe proces ;malfunc ésuch as formation of an emulsion in the initial pulse
extraction column : unit. . Following this, the diluent washing pulse columns
that extract the TBP‘% o fail in breaking up any organics entrained in the aqueous
phase or in inducing a ‘manual termination of TBP transfer. The failure probabilities for
these were assngned based on very limited data. Further barriers to the transfer of
organics to EV 2000 are provided by sampling controls that detect TBP and density
_controls that detect HPT. Failure of these controls was modeled via standard fault tree
modeling. The initiating event for this scenario is again a loss of temperature control or
a heat exchanger tube rupture that leads to a rise in solution temperature. The top
events in the event trees relate to the success/failure of the various pulse columns in
-breaking up entrained organic material followed by the success/failure of the sampiing
and density controls. Venting is not modeled as the amount of TBP assumed to be
transferred in the upset accumulation condition would violate the criteria for the success
of evaporative cooling. The dominant cutsets in one sequence are the ineffectiveness of
density controls, common cause failure of the density transmitter, failure of sampling
analysis, failure of diluent wash column, and malfunction of the pulse extraction column.
"In the other sequence, the dominant cutsets are ineffectiveness of density controls,
fraction of the time sampling failed between successive sampling intervals, failure of
diluent wash column, and malfunction of the pulse extraction column.
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The PRA model for ROE in tank TK 3000 assumes: (1) failure to provide cooling flow to
the tank heat exchanger could result in tank heat up and initiation of evaporative cooling
(HVAC system failures that could also lead to tank heat up were not modeled as it was
assumed that facility response to HVAC failure would be shutdown of the- KPC unit),
(2) failure of spray mixing inside the tank could create hot spots leading eventually to
initiation of evaporative cooling, and (3) if there was an increased amount of TBP in the
tank due to inadvertent transfer, then loss of cooling or mixing would lead to ROE as the
criteria for evaporative cooling would have been violated. The initiating event is the loss
of cooling -or mixing; -its frequency was estimated from fault tree evaluations of the
systems involved. The next top event is “no transfer of separate organics”, which was
estimated using the models developed earlier for EV 2000, due to the common
pathways for transport of separate phase TBP to the process vessels in the KPC unit,
including EV 2000 and TK 3000. The next top event labeled: “level control or No
excessive TBP” addresses the operator actions needed to provide aqueous make up to
maintain the criteria for success of evaporative cooling the appropriate branches
under conditions (1) and (2) above. The last top eventdr {free, “venting”, represents
the success of venting to maintain the solution temg@é%gfure safe level to prevent a
ROE. There are four ROE sequences. Two @%@fﬁ%m involve e transfer of large
amounts of TBP to TK 300 due to malfuncti% in theapulsed tion columns and
subsequent failures of the sampling and density: s; they are very similar fo the
scenarios under upset accumulation in EV 200 'd the dominant cutsets are also
similar. The dominant cutset in the venting, failure ience is common cause failure of

The PRA model for ROE in ﬂgg/@a on the evaluation of the various pathways
by which organics can be it n’sferisr%&k to EV. 3000. Two scenarios with their respective
; 10, the initiating event is solvent transfer by
-mechanical entrainment, in the y severe process malfunction leading to the
ArC t of solvent. Both event trees consider the foliowing
top events in seguence: p
separate the eh ed or
separate phase ics i

, slab settler effectiveness in preventing transfer of any
‘ xcess of their solubility limit, and sampling for organics in
the KCA batch tanks; second scenario has another top event, sampling in drip
trays, that analyzes leak samples for organic content before transfer to the KCD unit.
Slab settler failures involve failures of density controls, which were modeled by fault
trees, operational failures that were taken from a supporting document on settler
operation, density monitor failures, analyzed by fault trees, and loss of settler baffle
integrity, estimated based on corrosion rate data. The other top events, with the
exception of the failure of pulse 3100 column, were also modeled by fault tree methods.
The details are provided in Chapter 6. Three ROE sequences result from the analysis.
The dominant cutsets in all of them include operational failures of the slab settler, failure
of diluent wash column pulse 3100 and failure of the air lift to stop process solution
transfer to the KCD unit. : :

7.6 Conclusion

The red oil phenomenon is complex; the reaction takes place over a range of
temperatures and the exothermic reaction rate is affected by several factors as analyzed
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- APPENDIX A

FAILURE RATE DATA
FAULT TREES AND EVENT TREES
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. Failure Data in ROE

Sources

Components Failure Modes Failure rate per hour | Error Factor
' or failure probability '
per demand :
Lab analysis Error 3.0E-04 per demand 10 SRS
Admin control Failure 5.0E-03 per demand 10 SRS
Agitators Failure 6.2E-06 per hour 1.72 WIN330
Jets All Failures 1.63E-06 1.51 WIN330 -
Heat Exchanger Rupture 5.0E-07 per hour 30
Temperature Failure 1.0E-06 per hour 10 INEL-95/0422
Element
Temperature Failure 3.0E-06 per hour 10 INEL-95/0422
Transmitter
Press Element Failure 1.0E-06 per hour 10 INEL-95/0422
Press Transmitter Failure 3.0E-06 per hour 10 INEL-95/0422
Flow Element Failure 1.0E-06 per hour 10 INEL-95/0422
Flow Transmitter Failure 3.0E-06 per hour 10 INEL-95/0422
Level Element Failure 1.0E-06 per hour 10 INEL-95/0422
Level Transmitter Failure 3.0E-06 per hour 10 INEL-95/0422
HVAC Filter Failure 1.0E-05 per hour 10 INEL-95/0422
PLCs i Failure 1.49E-06 per hour 10 INEL-95/0422
Indicators Failure 1.0E-05 per hour 10 INEL-95/0422
Alarm/Annunciation | Failure 3.0E-05 per hour 10 INEL-95/0422
Air lifts Failure 1.17E-06 per hour 6.63 INEL-95/0422
Density Loops Failure 1.13E-05 per hour 4.09 INEL-95/0422
Fans Fail to run 1.0E-05 per hour 10 SPAR Model
Fail to start 3.0E-03 per deimand 10
Instrumentation Air | Total loss of 1.0E-02 per year (Gamma SPAR Model
Instrumentation Air distribution with
| r=0.5) )
Cooling water Total loss of 4.0E-04 per year (Gamma SPAR Model
' cooling water distribution with
=0.5)
AQOVs Fail to open/close 1.2E-03 per demand 4.3 (Beta SPAR Model
distribution with
b=832)
AOVs Fail to control 3.0E-06 per hour 18.8 (Gamma SPAR Model
distribution with
r=0.3)
Human Cognition Error 1.0E-02 per demand 5 NUREG/CR-
6883
Human Execution Error 1.0E-03 per demand 5 NUREG/CR-
6883
Analyzer Failure 3.49E-03 per hour 3 PRAM
' Database
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Naming Scheme of Basic Events

Proposed naming scheme for basic events in fault tree model is shown here.

Component Name
Train ID
l l 'Failuri Mode
123 123 - 1234 - 1 - 12 - 123
t T T
Unit description

Component Code _
Normal Status

a). Unit description (XXX) :
KPA : Purification unit
KPC : Acid recovery unit
b). Component name (XXX):
AQV : Air-operated valve
HMN : Human performance related
PLC : Programmable logic controller
FIX : Flow indicator
ALX : Airlift
DLC : Density controller
DTX : Density transmitter
FLW : Low air flow detector
PDW : Diluent wash
PUL : Pulse column
CWS : Cooling water system
EXX : Venting
HEP : Filter of venting system
LLC : Level controller
TEX : Temperature transmitter
TTX: Temperature sensor
THC : Temperature controller
¢). Component ID (XXXX): such as 2003
d). Train ID (X):
A :train A
B :train B
X : Not applicable
e). Normal status (XX):
NO: Normally-Open
OP: Operational Mode
f). Failure Mode (XXX):
FTC: fail to close (Normally open)
FOP: Fails Operation (non specific)
~ CCF: Common cause failure

om}éUi{ o‘7{y |



e

Loss of temperature control or

Level control or no excessive

Venting system of evaporator

HX tube rupture at EV2000 TBP N
LOSTC_EV2000 LC N ETBP VENTING # | END-STATE-NAMES
10K
2 | ROE-EV2000-1-NC
Normal TBP Accumulation
3 | ROE-EV2000-2-NC

Figure A- 1: Event Tree for ROE Scenario at EV2000 under Normal TBP Accumulation Condition
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|
Estimate of

IE frequency
at EV2000

[

EV20004IE-FT
I 1

Heat Failure to

exchanger terminate HWS

tube rupture

Failure of the

2.187E-3
HEAT-EXG-TUBE-RUPTURE GATE{19-0
1 1
Failure to Faiture of
terminate HWS temp. control
by operator (including CCFs)
1.00QE-3 Q
FAIL-TO-TERMINATE-HWS GATE-]9-35
r I L :
CCF of temp. CCF of temp. CCF of CCF to close
sensors transhutters confrollers

KPC-TT-2203A/B

4.367E-4

KPC-TTX-2203-X-OP-CCF

KPC-TE2003A/B

KPC-TEX-2003-X-OP-CCF

1.303E-3

KPC-THC2003A/B

6.511E-4

KPC-THC-2003-X-OP-CCF

KPC-AQV2003A/B

temperature
control (no CCF)

1.200E-4

KPC-AOV-2003-X-OP-CCF

EV2000-1E-TC

EV2000-IE-FT - Estunate of initiating event frequency at EV2000

2009/03/06

Figure A- 2: Fault Tree for Initiating Event Frequency at EV2000
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N
Failure of
temp. contro
(No CCF)
EV2000-IE-TC l
Failure of Failure of
temperature {emperature
icontrol - Train control - Train B

GATE}19-42 GATE}19-43
r T T
Failure of Failure of temp. Failure of Fail to close
Sensor icmp. transmitter controller o
KPC-TT-2203B KPC-TE2003B KPC-THC2003B KPC-A0V2003
4.367E-3 1.303E-2 6.511E-3 1.200E-3

KPC-TTX-2203-B-OP-FOP KPC-TEX-2003-B-OP-FOP KPC-THC-2003-B-OP-FOP KPC-AQV-2003-B-OP-FTC

bFailure of

T
Failure of temp.

_
temp. seisor frans it gglilllu(rﬁlgrf - | Fail to close of
. T
KPC-TT-2203A KPC-TE2003A KPC-THC2003 KPC-AOV2003
4.367E-3 1.303E-2 6.511E-3 1.200E-3

KPC-TTX-2203-A-OP-FOP KPC-TEX-2003-A-OP-FOP KPC-THC-2003-A-OP-FOP KPC-AQV-2003-A-OP-FTC

EV2000-1E-TC - Failure of the temperature control 2009/03/06

Figure A- 3: Faiture of Two-train Temperature Control at EV2000
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!

Loss of level
control or no
excessive TBP

[

LC_NETBP

f - ]

A Loss of evaporative
cooling due to

incomplete or missed

Loss of evaporative
cooling due to level

control failure _ | | flushout
LOSS-OF-LEVEL-CONTROL FAILURE-OF-FLUSHOUT
LC_NETBP - Level control or no excésswe TBP . .2009/03/06

Figure A- 4: Fnuft Tree for Loss of Level Control or No Excessive TBP at EV2000
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Fail to maintain
the level of
EV2000

LOSS-OF -LEVL‘:L-CONTROIL

Failure of sensor
transmitter A

8.709E-3

- 3.263E-3

1.200E-3
KPC-LTX-2000-A-OP-FOP  KPC-LLC-2000-A-OP-FOP  KPC-AQOV-2003-A-OP-FTC

i~ 1
CCF of sensors Failure to CCF of level CCF of
transmitters terminate HW_S controllers KPC-AOV-2003A/B
C-1.T-20004/ by individual trains KPC-LLC-2000A/B
8.709E-4 3.263E-4 1.200E-4
KPC-LTX-ZOOO-XFOP-CCF GATE+$17-22 KPC-LLC-2000-X}-OP-CCF KPC-AOV-2003-X-OP-CCF
Failure to Failure to
terminate HWS terminate HWS
by Train A by Train B
Yl
GATH-17-6 GATE-17-7
f - 1
Failure of sensor/ Failure of Fajlure to close
transmitter B leve to terminate
: confroller B HW
8.709E-3 3.263E-3 S 1.200E-3
| KPC-LTX-ZOOO-B-OP]FOP KPC-LLC-2000-B-OP-FOP  KPC-AQV-2003-B-OP-FT(
Failure of Failure to close
leve lo terminate
controller A HW
S

LOSS-OF-LEVEL-CONTROL - Fail to maintamn the level of EV2000

2009/03/06

Figure A- 5: Fault Tree for Loss of Level Control at EV2000
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i
Flushout not
completed or

missed in 6 months

A

FAILURE-OF-FLUSHOUT

Failure of
flushout

| 1.000E-3
FLUSHOUT-FAILURE

FAILURE-OF-FLUSHOUT - Flushout not completed or missed in 6 months 2009/03/06

Figure A- 6: Failure to Flush Out EV2000
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Venting systen

of evaporator
of (Including CCF

VEN l ING
£ils of three fans
GAT é-3-3 c GATEH-3-39

CCF of plugging Failure of
individual

| E—

Failure of pluggmg Failure of fans

1

CCF of the Failure of
three fans fan

of the two sets
of HEPA filters

2.158E-3

5

1.043E-6 9
KWG-EXX-FANX-X-OP-CF3 __ GATH-3-38

KWG-HEP-PLUG-X-OP-CF2
{

Failure of Failure of Failure of Failure of the
pluggmg of set { plugging of set 2 the
HEPA filters HEPA filters rutag fans standby fan (#3)
2.158E2 - 2.158E-2 ‘ _ :
KWG-HEP-SETX-1-OP-FOP KWG-HEP-SETX-Z-OP-FO{P GATI-3-2 . — GATH-3-43 .
. CCF of the Faiture of The third fan The third
two running, fails to run fan fails to
fan start
1.200E-5 [.200E-4 3.000E-3
KWG-EXX-FANX-X-()’P-CFZ KWG;EXX-FANX-}OP-FTR KWG-EXX-FANX-3-OP-FTS
Failure to . Failure to
run of Fan | run of Fan 2
~ : 1.200E-4 1.200E-4

KWG-EXX-FANX-1-OP-FTR KWG-EXX-FANX-2-OP-FTR

VENTING - Venting system of evaporator . 2009/03/06

Figure A- 7: Fault Tree for Loss of Venting System
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LLoss of temperature | Malfunction at or before | Diluents wash at KPA [ Sampling at KPA Density control at
contro! or HX tube KPA Pulse2000 Pulse2100 TK9100 every 75 hours TK1000
rupture at EV2000 :

LOSTC_EV2000 MF_PLSE2000 DW_PULSE2100 SPL_TK9100

DST_TK 1000

END-STATE-NAMES

ok

oK

Ok

or

ROE-EVION.T HIRTULSE 2000

Figure A- 8: Event Tree for EV2000 ROE Scenario under Abnormal TBP Accumulation — Pathway #1 Starting from Malfunction of Pulse Column 2000
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Malfunction at or
before KPA
Pulse 2000

[

MF_PL$E2000

Mélfunction of
KPA Pulse 2000

2.212E-1
KPA-PUL-2000-X-OP-FOP

MF_PLSE2000 - Malfunction at or before KPA Pulse2000

2009/03/06

Figure A- 9: Malfunction of KPA Pulse Column 2000
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l

Diluent wash
at KPA
Pulse 2100

DW_PUILSE2100

Failure of diluent

wash at Pulse
2100

- 2.500E-1
KPA-PDW-2100-X-OP-FOP

DW_PULSE2100 - Diluents wash at KPA Pulse2100 2009/03/06

Figure A- 10: Failure of Diluent Wash at KPA Pulse Column 2100
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GATE

Failure to
homogenize content
for samplin

12-16

r

. Faifure to close
transfer to isolate

for sampling

GAT

12-3

Failure to close
transfer by
individual AQVs

CCF

KPA-ROV9140A/B

GATEL12-4 KPA-AOV-9140-
I |
Fail to close Fail to close
transfer to transfer to
downstream tank downstream tank
1.200E-3 1.200E-3

KPA-AQV-9140-A-OP-FTC

KPA-AQV-9140-B-OP-FTC

1.200E-4
X-OP-CCF

Sampling faiture
at KPA TK9100

Failure of lab
analysis of

Fraciion of tine
btw. successive
saipling

cvery 75 hours sample
s
8.720E-4
c SPL,_TK9100

Fail to turn Fail 1o stop

on sparging sampling by
air flow (HE) PLCs or operator

1.000E-3

KPA-FSL-9100-X-OP-FOP
[

GATE{12-55

Failure to stop
smupling by

operato

GATE

=

12-26

4.300E-3

KPA-LAB-ALYS-1-OP-FOP  KCA-FET-SAMP-X-OP-FOP
]

Failure to stop
sampling by
PLC

{

AN

Failure of indicator
for low sparping air

flo

Cognitive

failure of low air
flow indication

Operator's failure

to respond to
low air indication

KPA-FIX-9100-X-OP-FOP

w

2.158E-2

1.000E-2

1.000E-3

KPA-HMN-CONG-X-OP-FOP  KPA-HMN-EXEC-X-OP-FOP

PLC-FTSTOP-SAMPLING

SPL_TKS9100 - Sampling at KPA TK9100 every 75 hours

2009/03/06

Figure A- 11: Fault Tree for Sampling ot KPA TK9100 (Every 75 Hours)
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Failure to stop
sampling by PLCs

at KPA TK9100

PLC-FTSTOP-BAMPLING

[

Due to
failure of
normal PLC

N

GATE-ll 2-24

Duc
falure of
safety PLCs

A

1
CCF of low airflow

measurements
for safety PLCs

8.709E-4

KPA-FLW-LAIR-X-OP-CCF

GATE-}2-50
[ ’ 1 [
Failure of normal Failure to measure Failure of CCF
PLC low air flow for individual saffly PLCs
normal PLC safety PLCs 1 and
2
'3.263E-3 8.709E-3 3.263E-4
KPA-PLC-SAMP-N-OP-FOP KPA-FLW-LAIR-N-OP-FOP GATE-|12-49 KPA-PLC-SAMP-X-OP-CCF
. [ 1
Failure of Failure of
safety PLC 1 safety PLC 2
GATE-{12-25 GATE-L 2-64
I 1 f 1
Failure of safety Fail to measure Failure of safety Fail to measure
PLC- low air flow for PLC- low air flow for
1 safety PLC-1 2 safety PLC-2
3.263E-3 8.709E-3 3.263E-3 8.709E-3

KPA-PLC-SAMP-1-OP-FOP

KPA-FLW-LAIR-1-OP-FOP

KPA-PLC-SAMP-2-OP-FOP

KPA-FLW-LAIR-2-OP-FOP

PLC-FTSTOP-SAMPLING - PLCs Fails to stop sampling

2009/03/06

Figure A- 12: PLCs Fail to Stop Sampling at KPA TK9100
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]

|

L

Density control

"Fail to terminate
xfer. or turnoff
team jets

failure at
TK 1000
DST_T‘KIOOO
{ 1
_Fail to terminate Density control
xfer or turnoff at TK1000 can
sleam jets be credited
1.300E-1
GATE}13-33 DENSITY-CTRL-VALID
{ I | - 1
CCF of density CCF of density CCF of aovs CCFs of aovs
transmitters controllers SPS- on2677,A/ﬁ 267
KPC-DT100A/B :

4.236E-5
FTEND-XFER-TK1000 KPC-DTX-1000-X-OP-CCF

5.599E-6

KPC-DLC-1000-X-OP-CCF

1.200E-4

SPS-AOV-2697-X-OP-CCF © GATE!13-55
]

SPS-AOV2675A/

CCF of aovs

SPS-AQV-2675-X-OP-CCF

1.200E-4

CCF of aovs .
SPS-AQV2676A/

1.200E-4 ~
SPS-AOV-2676-X-0P-CCF

DST_TKI1000 - Density controf at KPC TK1000

2009/03/06

Figure A- 13: Fault Tree for Density Control at KPC TIK1000 (Partially Credited for Preventing ROE) under Abnormal TBP Accumulation
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It

Fail to tenminate
xfer. or umoff

AT

rrEND.XFEL-TKmon

) my

Controllers fail
to signal to
tumoff xfer

GATE-)3-32

Fail to tenninate
xfer. wpon
r

!
Fail to turnoff
steam jet upon

Pt

GATE-}3-51

Failure of first
train of the
density control

Failure of the
second tram of
density_ cantr

Failure of

to
SPS-AQV2697

GATE}HA-5

GATE3-6

1.200E-3

Failure of
aov SPS-
AQVI697A

1.200E-3
SPS-AQV-2697-A-OP-FTC

—

Failure of density
transmitter

4.236E-4
KPC-DTX-1000-B-OF-FOP

I
Failure of density

Failure of density|

transinitter controlter
KPC-DT100A KPC-DLC1000.
4.230E-4 5.599E-5

KPC-DTX-1000-A-OP-FOP  KPC-DLC-1000-A-OP-FOP

SPS§-AQV-2697-B-OP-FTC

Failure of deusity
controller

SPS-AQV-2675-A-OP-FTC

5.599E-5

KPC-DLC-1000-B-OP-FOP

Failure to
terminale steam
et transfer

1.200E-3 .

Failure to

et transfer

1.200E-3
SPS-AQV-2675-B-OP-FTC

{enminate steam

Failure 1o
ferminnte steam
jet transfer

, 1.200E-3
SPS-AQV-2676-A-OP-FTC

Failure to
lenminate steam
jet transfer

1.200E-3
SPS-AQV-2676-B-OP-FTC

FTEND-XFER-TK 1000 -

Fail to turn off transfer

2009/03/06

Figure A- 14: Failure to Stop Transfer or Turn off Steam Jet at TK1000
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Loss of temperature

Malfunction at or before

Diluents wash at KPA

Density control at KPA

Sampling at KPA

Density control at KPC

control or HX tube KPA Pulse3200 Pulse3100 TK9500 TK9100 every 75 hours TK1000
rupture at EV2000 LV '
LOSTC_EV2000 MF_PLSE3200 DW_PULSE3100 DST_TK9500 DST_TK1000

SPL_TK9100

END-STATE-NAMES

ROE-EV2000-75SHRPULSE3 200

Figure A- 15: Event Tree for EV2000 ROE Scenario under Abnormal TBP Accumulation — Pathway #2 Starting from Malfunction of Pulse Column 3200
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- Diluents
wash at KPA

DW_PULSE3100

Failure of diluent
wash in Pulse
3100

2.500E-1
KPA-PDW-3100-X-OP-FOP

DW_PULSE3100 - Diluents wash at KPA Pulse3100 2009/03/06

Figure A- 16: Malfunction of Diluent Wash at KPA Pulse Colunin 3100
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|
Malfunction at

or before KPA.
Pulse 3200

.
MF_PL$E3200

Malfunction of
KPA Pulse 3200

2.212E-1
KPA-PUL-3200-X-OP-FOP

MF_PLSE3200 - Malfunction at or before KPA Pulse3200

2009/03/06

Figure A- 17: Malfunction of KPA Pulse Column 3200
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i
Density control
at KPA TK9500
DST T)L9500
[ L | 1
CCF of density _| Failure of density CCF of density CCFs of
transmitters control (no CCF) controllers AOVs
KPA-DT9501A/B! or girlifts KPA-DLC9501A/B :
2.434E-3 3.263E-4
KPA-DTX-9501-X-OP-CCF GATE-" 5-44 KPA-DLC-9501-X-OP-CCF GATE-5-48
{ i 1 { 1
Failure of density Failure of air lifts CCF to close CCF to close
control (no CCF) to close . of of
KPA-AOVI9510A/ KPA-AQV9540A/H
A 1.200E-4 1.200E-4
FTCD_TK9500 GATE-|15-43 KPA-AQV-9510-X-OP-CCF KPA-AQV-9540-X-OP-
I ] .
CCF
Failure of airlift Failure of airlift
KPA-AL9510 KPA-AL9540
2.519E-2 2.519E-2
KPA-ALX-9510-X-OP-FOP  KPA-ALX-9540-X-OP-FOP
DST_TK9500 - Density control at KPA TK9500 2009/03/06

Figure A- 18: Fault Tree for Density Control at KPA TK9500
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I

Failure of density
control (no CCF)

FTCD_TK9500

Failure to signal
arr lifts to close

GATE}5-30

L

Measurement
& controiler

[

Failure of density
transmitter
KPA-DT9501A

Failure of density
controller

2.434E-2
KPA-DTX-9501-A-OP-

FOP KPA-D

KPA-DLC9501A
3.263E-3
LC-9501-A-OP-FOP

Failure to close
air lifts for
density control

GATE

Measurement
& controller
Train B fails

Failure of density
transimitter
KPA-DT9501B

2.434E-2
KPA-DTX-9501-B-OP-FOP

Failure of density
controller
KPA-DLC9501B

3.263E-3

KPA-DL(;-S’SO 1-B-OP-FOP

£5-41

Fail to close

o
KPA-ADVISI0A

Fail to close

[
KPA-ADV9540B

1.200E-3

1.200E-3

I

Fail to close
o
KPA-ADVIS510A

1.200E-3

. 1
Fail to close
o
KPA-ADV9I510B

1.200E-3

KPA-AOV-9540-A-OP-FTC  KPA-AQV-9540-B-OP-FTC ~ KPA-AOV-9510-A-OP-FTC KPA-AOV-9510-B-OP-FTC

FTCD_TK9500 - Failure of density control at TK9500

2009/03/06

Figure A- 19: Failure of Density Control at KPA TIK9500
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Loss of cooling or mixing at

Level control or no excessive

Venting system of evaporator

TK3000 TBP at TK3000
LOSC_M_TK3000 L_TBP-TK3000 VENTING # END-STATE-NAMES
i OK .
2 ROE-TK3000-{-NC
Normal condition
3 ROE-TK3000-2-NC

Figure A- 20; Event Tree for ROE Scenario under Normal TBP Accumulation for TK3000
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Estimate of
‘1E frequency
at TK3000

TKSOOOIIE-FT

Loss of cooling
and failure to act
unon the loss

1

Failure of
mixing at
TK3000

KPC-CWS-ISOV-X-OP-FCX

KPC-CWS-PIPE-X-OP-RUP

KPC-HMN-CONG-X-OP-FOP

GATE}1-35 TK3000-IE-FTM
- 1 ’
Loss of cooling Operator fails to
water recognize or act
upon the loss
GATE‘J-B GATEll-]l -
f 1 | ]
CWS fail to Failure to Fail to indicate Operator's
provide cooling isolate or low flow of failure to
_wate pipe rupture cooling water respond
» 1.000E-2 4.255E-2
KPC-CWS-XXXX;X-OP-NFW GATEIS-IS KPC-FIX-3000-X-OP-FOP GATE‘I-M
[ . ] g 1
Fail to close CWS pipe Failure of . Failure of
isolation rupture cognifion operator to
valve of alarm respond
1.000E-3 2.190E-6 1.000E-2 1.000E-3

KPC-HMN-EXEC-X-OP-FOP

TK3000-1E-FT - Estumate of imtiating event frequency at TK3000

2009/03/06
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Figure A- 21: Fault Tree for Initinting Event of TK3000 Scenario
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Failure of
mixing at
TK3000

TK3000E-FTM

* Failure to
recognize or act
upon loss of air

1
Loss of service
air for KPC
TK3000

1.000E-2

GATH-1-28 KPC-XX-SAIR-X-OP-FOP
1 1
Failure to Failure of Operator '
measure air flow low air flow failure
(including CCFs) alarm <
GATI-1-51 GATI}-1-42 GAT[LI-Z?
[ [ 1 L H
CCEF of air Individual Failure to Failure to Failure of Execution failure
flo failures to indicate low air indicate low air cognition 1o respond to
measurements measure air flow flow of FI3001 flow of FI3001 of alanm low air indication
8.709E-4 6.291E-2 2.158E-2 1.000E-2 1.000E-3
KPA-FLW-XXXX-X-OP-CCF GATH-1-50 KPA-FWL-3001-X-OP-FOP KPA-FIX-3001-X-OP-FOP  KPC-HMN-CONG-X-OP-FOP KPC-HMN-EXEC-X-OP-FOP
T 1
Failure to Failure to
m(_-:asure air measure air
. flow flow
#1 . #2
8.709E-3 8.709E-3

KPA-FLW-XXXX-2-OP-FOKPA-FLW-XXXX-1-OP-FOP

TK3000-1E-FTM - Failure of mixing

2009/03/06

Figure A- 22: Failure of Mixing at TK3000
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Level control or
no excessive TBP
at TK3000

A

L_TBP-TK3000
[ ‘ , |
Failure of Flushout Failure Ofl level /
temperature control ST control in

in TK3000 Failure TK3000

. 1.000E-3 |
TEMP-TK3000-FAILURE FLUSHOUT-FAILURE LEVEL-TK3000-FAILURE
L_TBP-TK3000 - Level control or no excessive TBP at TK3000 - 2009/03/06

Figure A- 23: Fault Tree for Loss of Evaporative Cooling due to Failure of Temperature or Level Control
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Failure of
temp control
at TIK3000

TEMP-TK3009-FAILURE

) N 1

Operator fails to Fail to isolate
external heat

Fail to measure

temperature
sources
GATEE-42 . TEMP-TK3000-OFC GATEj7-13 |
—
Failure of CCF of both Failure of air Failure of steam
individual temp. temp. lift AL2100 jet SJ3400 to
| __measurements: | measureinents i isolate
_ 8.709E-4 2.558E-3 3.561E-3
GATE{8-43 KPA-TMP-XXX1-X-OP-CCF  KPC-ALX-2100-X-OP-FOP KPC-SJX-3460-X—OP-FOP
I ) .| ]
Failure of Failure of '
temperature temperature
measurement measurement #
8.709E-3 8.709E-3

KPA-TMP-XXX1-2-OP-FOP  KPA-TMP-XXX1-1-OP-FOP

TEMP-TK3000-FAILURE - Failure of temperature control

2009/03/06

Figure A- 24: Fault Tree for Loss of Temperature Control at TK3000
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i
Operator fails to
act upon high
temperature

TEMP-TKI‘OOO-OFC
f 1

Failure of Failure to signal
high temp. for isolating
indication/alarm : xternal heat sourcey
GATI-7-8 ' GATE}$-53
— _ 1 - !
Failure of high Failure of Failure of high Operator's failure Fail to control
temperature temperature temperature to isolate heat temperature of
alarms indicator indicator sources controller
2.158E-2 3.256E-3 3.256E-3
| GATILJ-G KPC-TIX-3000-A-OP-FOP -~ KPC-TWC-3000-A-OP-FOP GATEJ-7-33 ‘ KPC-TWC-3000-A-OP-FOP
1 { - 1
CCF of high Failure of Failure of Failure of
temperature individual cognition operator
alarms temp. alarms of alarm action
6.291E-3 1.000E-2 1.000E-3
KPC-TAH-}OOO-){(-OP-CCF GATI-7-5 KPC-HMN-CONG-X-OP-FOP KPC-HMN-EXEC-X-OP-FOP
. !
Failure of high Failure of high
temp. alarm of temp. alarm of
TAH3000A TAH3000B
6.291E-2 6.291E-2
KPC-TAH-3000-A-OP-FOP KPC-TAH-3000-B-OP-FOP
TEMP-TK3000-OFC - Operator fails to act upon high temperature ' 2009/03/06

Figure A- 25: Fault Tree for Operator’s Failure to Act upon High Temperature at TK3000
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Failure of
level control

A

LEVEL-TK300!7-FAILURE
T T

Failure of S13400 fails Failure of level _ Failure of
level control to open for measurements indication, alarm,
makeup } Loperator,
" A AN
GATEL-‘” KPC-8JX-3400-X-OP-FTO 01\7519'5‘ LEVEL-TK3000-FIAOS
I -
Failure of air Fail to stop ' CCF of both Failure of
lift AL2100 transfer by Sls leve individual level
L_meakurements | remen
2.558E-3 ] 8.709E-4
KPC-ALX-2100-X-OP-FOP GATE{S-16 KPC-LVL-XXXX-X-OP-CCF
L 1 - 1
Failure of Failure of Failure of Failure of level Failure of level
SJ3100 SJ3300 SJ3500 measurement #1 measurement #2
3.561E-3 3.561E-3 3.561E-3 8.709E-3 ) 8.709E-3

KPC-SIX-3100-X-OP-FOP KPC-8JX-3300-X-OP-FOP KPC-8JX-3500-X-OP-FOP  KPA-LVL-XXXX-1-OP-FOP KPA-LVL-XXXX-2-QP-FOl

LEVEL-TK3000-FAILURE - Failure of level control - 2009/03/06

Figure A- 26: Fault Tree for Loss of Level Control at TK3000
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i
Failure of
indication, alarm,
erator, and SJ

LEVEL-TKB00O-FIAOS

i ]
} Failure of level Failure of level
indication and control actions
warning or signals
GATE-9-2 GATE}9-54
[ 1 i 1
Failure of Failure of level Failure of Failure of high or
high level indication operator to use low level
| waming | controllers congroller
6.291E-2 2.158E-2
KPC-LWH-3000-X-OP-FOP KPC-L1X-3000-X-OP-FOP GATIS-9-4 GATEI9-55 .
[ 1
Failure of Operator's Failure of high Failure of low
cognition execution level controller level controller
of alarm erro - LWHC3000 LLELC3000
. . 1.000E-2 1.000E-3 ' 3.256E-3 3.263E-3
KPC-HMN-CONG-X-OP-FOP KPC-HMN-EXEC-X-OP-FOP  KPC-LWC-3000-X-OP-FOP KPC-3LC-3000-X-OP-FOP

LEVEL-TK3000-FIAOS - Failure of level control

2009/03/06

Figure A- 27: Failure of Indication, Alnrm, Operator's Actions, and Stenm Jet for Makeup in TK3000
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Loss of cooling or mixing al
TK3000

Malfunction at or before
KPA Pulse2000

Diluents wash at KPA
Pulse2100

Sampling at KPA TK9100
every 75 hours

Density control at TK 1000

LOSC_M_TK3000

MF_PLSE2000

DW_PULSE2100

SPL_TK9100

DST_TK 1000

END-STATE-NAMES

OK

OK

UK

0K

ROE-TK3000-MULSEZ000

Figure A-28: Event Tree for ROE Scennrio at TK3000 under Abnormal TBP Accumulation — Patlway #1 Starting from Malfunction of Pulse 2000
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Loss of cooling or mixing
at TK3000 .

Maifunction at or before
KPA Pulse3200

Dituents wash at KPA
Pulse3100

Density control at KPA
TK9500

Sampling at KPA TK9100
every 75 hours

Density control at KPC
TK1000

LOSC_M_TK300

MF_PLSE3200 |

DW_PULSE3100

DST_TK9500

SPL_TK9100

DST_TK 1000

END-STATE-NAME

DK

OK

0K

OK

OK

ROE-TK3000-PULSE3 200

Figure A- 29: Event Tree for ROE Scenario at TK3000 under Abnormal TBI Accumulation ~ Pathway #2 Starting from Malfunction of Pulse 3200
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Solvent transfer and
mechanical entrainment

Malfunction of KPA Puise
3100 diluent wash

Failure of slab settler

Failure of sampling in' KCA
batch tank

[E-STME

DWKPA_PLSE3100

MF_SLAB

FSPL_KCA_BT

END-STATE-NAMES

OK

OK

OK

ROE.EV3000-STME

Figure A- 30: Event Tree for ROE in KCD EV3000 duc to Solvent Transferred by Mechanical Entrainment
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Malfunction of
diluent wash at
KPA Pulse 3100

DWKPA_PLSE3100

Failure of diluent
wash at Pulse
3100

2.500E-1
KPA-PDW-3100-X-OP-FOP

DWKPA_PLSE3100 - Malfunction of KPA pulse 3100 diluent wash - 2009/03/06

Figure A- 31: Fault Tree for Failure of Diluent Wash at Pulse 3100
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1

KPA-PNU-XXXX-X-OP-CCF KPA-DTX-3300-X-OP-CCF

Failure
of slab
| MF_SLAB ,
Operational Failure of
malfunctions or density
baffle failure monitor
. GATE14-53 l ‘ GATH-14-8 ,
Operational Failure or loss of CCF Airlift fails to Failure of density
malfunctions integrity of the stop transferring monitor in slab
: 5 process solution (No CCF)
5.000E-2 3.840E-2 ' Q ' 5.107E-3
KPA-OPER-XXXX-X-OP-FOP  KPA-SLB-BAFF-X-OP-FOP GATE14-28 KPA-ALX-3330-X-OP-FOP FDM_TT_SLAB
{ ] I I 1 -
CCF of CCF of the CCF of the CCF of the
density two density two density two AOVs
measurements transmitters controllers
4.790E-3 4.790E-3 6.511E-4 1.200E-4

KPA-DLC-3300-X-OP-CCF  KPA-AOV-3331-X-OP-CCF

MF_SLAB - Malfunction of slab settler

2009/03/06

Figure A- 32: Fault Tree for Malfunction of Slab Settler
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1
Failure of density
monitor in slab

(No CCF)

EFDM Tll SLAB

Failure of train A
of the density
monitor

0

Failure of density
measurement A

4.790E-2

GATi‘ 14-14

Failure of density
transmitter A

4.790E-2

KPA-PNU-XXXX-A-OP-FOPKPA-DTX-3300-A-OP-FOP KPA-DLC-3300-A-OP-FOP KPA-AQV-3331-A-Ol

nglure of Failure of
ensit
controller A AOV 3331 A
6.511E-3 1.200E-3
P-FTC
Failure of train B
of the density
mogilor
GATE[-M-IS
I T T —1
Failure of density Failure of density Fsilur_c of Failure of
measurement B transmitter B COI]?POSIIltCyr B AOV 3331 B

4.790E-2

4.790E-2

6.511E-3

1.200E-3

KPA-PNU-XXXX-B-OP-FOP KPA-DTX-3300-B-OP-FOP KPA-DLC-3300-B-OP-FOP KPA-AQV-3331-B-OP-FTC

FDM_TT_SLAB - Failure ofdcnsxbty montitor of two trains

2009/03/06

Figure A- 33: Failure of Density Monitor in Slab Settler
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L

Failure of
sampling at KCA
batch tank

Y

: FSPL I(lCA BT , )
I
Failure to isolate Failure of lab | Failure of ‘Fraction of time
transfer for analysis of homogenization btw. successive
sampling samples for sampling samplings
8.720E-4 4.300E-3
| GATE}-2 1-0 KCA-LAB-ALYS-1 -OP-FOll’ GATH-21-1 KICA-FET-SAMP-X-OP-FOP :
CCF of KCA Failure to close Failure to Failure to stop
AQV transfer by AOVs sparge air sampting by
s flow (HE) PLCs or operator
1.200E-4 1.000E-3
KCA-AQV-XXXX-X-OP-CCF GATH-21-3 KCA-FSL-XXXX-XOP-FOP GATH-21-6
[ ) f ]
Failure of "Failure of Failure to stop Failure to stop
KCA AOV | KCA AOV 2 sampling by sampling by
operator PLCs in KCA BT
1.200E-3 1.200E-3 Q A
KCA-AQV-XXXX-1-OP-FTC KCA-AOV-XXXX-2-OP-FTC GATE21-10 FTSS_PLCS_KCA_BT
[ ]
Failure to Cognitive failure Failure to

indicate the low
sparging air flow-

of low air flow
indication

respond to low
air indication

4.255E-2
KCA-FIX-XXXX-X-OP-FOP

1.000E-2
KCA-HMN-CONG-X-OP-FOP

1.000E-3
KCA-HMN-EXEC-X-OP-FOP

FSPL_KCA_BT - Failure of sampling at KCA batch tank 2009/03/06

Figure A- 34: Fault Tree for Failure of Sampling at KCA Batch Tank (BT)
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Failure to stop
sampling by

FTSS PLCS KCA BT

— _ - 1
Failure of | Failure of
safety PLCs normal PLC
= GATE$21-15 | GATEj21—23
CCF of lowair flow CCF of Failure of Failure of Fail to measure
measurements safety PLCs individual normal PLC low air flow for
L _for safety PL.Cs_ | normal PLC
1.732E-3° G6.5S11E-4 ' 6.511E-3 1.732E-2

CA-FLW-LAIR-X-OP-CCF KCA-PLC-SAMP-X-OP-CCF GATE;21-18 KCA-PLC-SAMP-N-OP-FOP KCA-FLW-LAIR-N-OP-FOIl

|

Failure of
safety PLC 2

N

Failure of
safety PLC |

(A

GATEJ2l-I9 ' GATElzl-zo
| I - 1
Fail to measure Failure of Failure of Fail to measure
lowair flow for lowair flow for
| safety PLC | safety PLC 2 cafely PLC2
1.732E-2 6.511E-3 6.511E-3 1.732E-2
KCA-FLW-LAIR-1-OP-FOP KCA-PLC-SAMP-1-OP-FOP KCA-PLC-SAMP-2-OP-FOP KCA-FLW-LAIR-2-QP-FOP
FTSS_PLCS_KCA_BT - Failure to stop sampling by PLCs in KCA BT ' 2009/03/06

Figure A- 35: Failure of PLCs to Stop Sampling at KCA Batch Tank (BT)
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!

Transfer of separated phase of

Malfunction of KPA pulse

Malfunction of slab settler

Failure of sampling at KCA

Failure of sampling in KCD

DWKPA_PLSE3100

solvent due to severe process 3100 diluent wash batch tank drip tray
malfunction ’
IE-TSPS MF_SLAB FSPL_KCA_BT FSPL_KCD_DT

#

END-STATE-NAME(

oK

OK

ROE-EV1000-FDT

ROE-EVI000-FBT

Figure A- 36: Event Tree for ROE in KCD EV3000 due to Transfer of Separafed Phase of Solvent due to Severe Process Malfunction
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‘\ Failure of
sampling at KCD
drip tray
) FSPL_KICD_DT ,
Failure to isolate Failure of Failure of lab
transfer for homogenization analysis of
sampling for samplin samples
% Q 8.720E-4
' GATE{21-80 ; GATE$21-81 KCD-LAB-ALYS-1-OP-FOP
Failure to close - Failure to Failure to stop
transfer by chgvaCD sparging air flow sampling by
individual AOVs| ~ § by operator PLCs and operatol
1.200E-4 1.000E-3 Q
. GATE{21-82. KCD-AOV;XXXX-X-OP-FQPKCD-FSL-XX)[(X-X-OP-FOP GATE{21-83 ,
Failure of Failure of Failurel'to slt)o,p Failurti'to slgop
KCD AOV | KCD AOV 2 Sampling by Sampiing by
operator PLCs
1.200E-3 1.200E-3
KCD-AOV-XXXX-1-OP-FOP KCD-AOV-XXIXX-Z-OP'FOP . : GATE}20-71 . FTSS_PLCS_KCD_DT
. Failure to Failure of Failure to
indicate the low cognition of low respond to [ow
sparging air {low air flow indication air indication

4.255E-2
KCD-FIX-XXXX-X-OP-FOP

1.000E-2
KCD-HMN-CONG-X-OP-FOP

1.000E-3
KCD-HMN-EXEC-X-OP-FOP

FSPL_KCD_DT - Failure of sampling in KCD drip tray 2009/03/06

Figure A- 37: Fault Tree for Failure of Sampling at KCD Drip Tray (DT)
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Failure to stop
sampling by
j IS D D

;

FTSS_PLC$_KCD_DT
[

Failure of

Failure of safety
normal PLC PLC
GATE321~86 GA;TE 21-87
[P SR 1 f .
Fail to measure Failure of Failure of CCF of Failure to
tow air flow for normal PLC individual safety PLCs measure low
normal PLC safety PLCs Land 2 air flow
1.732E-2 6.511E-3 6.511E-4 1.732E-3

KCD-FLW-LAIR-N-OP-FOP

Failure of safety
PLC 1

A

GATE&Z 1-90
I |

Failure to measurd
low air flow for
safety P1.CI

1.732E-2

KCD-FLW-LAIR-1-OP-FOP

Failure of
safety PLC 1

6.511E-3
KCD-PLC-SAMP-1-OP-FOP

KCD-PLCI-SAMP-N-OP-FOP GATE;21-89 KCD—PLC-SAMP-X-OI:—CCF

Failure of safety

KCD-FLW-LAIR-X-OP-CCH

PLC2
GATE}Z!-M
1
Failure of F?ilure.toﬂmea?urd
ow air flow for
safety PLC 2 safety PLCIL
6.511E-3 1.732E-2

KCD-PLC-SAMP-2-OP-FQP

KCD-FLW-LAIR-2-OP-FOH

FTSS_PLCS_KCD DT - Failure to éiop sampling by PLCs m KCD DT

2009/03/06

Figure A- 38: Foilure of PLCs to Stop Sampling in KCD Drip Tray (DT)
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APPENDIX B

RED OIL SAFETY STRATEGY AND TBP PREVENTION STRATEGY BY
- VESSEL IN THE AP PROCESS UNITS
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Table B-1: Red Oil Safety Strategy'by Vessel

TBP TBP Present
Vessel Present (Upset/ General Safety
(Normal Separate -Strategy
Condition) Condition)
KCA Unit
KCA*FLT7000 N N PREVENTION
KCA*FUR8000 N N PREVENTION
KCA*PREC5000 N N PREVENTION
KCA*PREC6000 N N PREVENTION
' KCA*TK1000 N N PREVENTION
'KCA*TK2000 N N PREVENTION
KCD Unit
KCD*EV3000 N N PREVENTION
KCD*TK1000 N N PREVENTION
KCD*TK1500 N N PREVENTION
KCD*TK2000 N N PREVENTION
KCD*TK4000 N N PREVENTION
KCD*TK4100 N N PREVENTION
KCD*TK4200 N N PREVENTION
KCD*TK6000 N N PREVENTION
KCD*TK7000 N N PREVENTION
KCD*TK7500 N N PREVENTION
KPA Unit
KPA*CLMN6000 N N PREVENTION
KPA*CLMN6500 N N PREVENTION
KPA*MIX4000 Y HEAT TRANSFER
KPA*MIX5000 Y HEAT TRANSFER
KPA*MIX5100 N Y HEAT TRANSFER
KPA*PULS2000 Y HEAT TRANSFER
"KPA*PULS2100 N Y HEAT TRANSFER
KPA*PULS2200 Y HEAT TRANSFER
KPA*PULS3000 Y HEAT TRANSFER
KPA*PULS3100 N Y HEAT TRANSFER
KPA*PULS3200 Y HEAT TRANSFER
KPA*SET3300 N Y HEATTRANSFER _
KPA*TK1000 N Y HEAT TRANSFER
KPA*TK5200 N Y HEAT TRANSFER
KPA*TK5300 N Y HEAT TRANSFER
“KPA*TK7000 N N PREVENTION
KPA*TK8000 N Y HEAT TRANSFER
"KPA*TK8500 N Y HEAT TRANSFER
KPA*TK9000 N Y HEAT TRANSFER
KPA*TK9100 N Y HEAT TRANSFER
KPA*TK9500 N Y HEAT TRANSFER

quLieu L?se ery
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TBP | TBP Present
Vessel " Present (Upset/ General Safety
(Normal Separate Strategy
Condition) Condition)
KPB Unit
KPB*MIXS1000 Y | HEAT TRANSFER
KPB*MIXS1100 N Y HEAT TRANSFER
KPB*TK2000 Y . HEAT TRANSFER
KPB*TK3000 N Y HEAT TRANSFER
KPB*TK4000 Y HEAT TRANSFER
KPB*TK5000 Y _ HEATTRANSFER
KPC Unit
KPC*CLMN2500 N N PREVENTION
KPC*EV2000 N Y EVAP COOLING
KPC*EV6000 N N PREVENTION
KPC*TK1000 N N PREVENTION
KPC*TK1500 N Y EVAP COOLING
1 KPC*TK3000 N Y EVAP COOLING
KPC*TK4000 N N PREVENTION
KPC*TK4500 N N PREVENTION
KPC*TK5000 N N PREVENTION
KPC*TK5500 N N PREVENTION
KWD Unit
KWD*TK3010 N Y HEAT TRANSFER
KWD*TK3020 N Y HEAT TRANSFER
KWD*TK3030 - N Y HEAT TRANSFER
KWD*TK3040 N Y HEAT TRANSFER
KWD*TK4010 N N PREVENTION
KWD*TK4015 N N PREVENTION
KWD*TK4020 Y EVAP COOLING
KWD*TK4030 Y EVAP COOLING
KWD*TK4040 Y EVAP COOLING
KWD*TK4050 Y EVAP COOLING
_ KWS Unit .
KWS*TK4000 Y HEAT TRANSFER
KWS*TK4000 Y HEAT TRANSFER
LGF Unit g
LGF*TK1000 N N PREVENTION
LGF*TK2000 N N PREVENTION
LGF*TK3000 Y HEAT TRANSFER
LGF*TK4000 N N PREVENTION
LGF*TK5000 N N PREVENTION
LGF*TK6000 N N PREVENTION
LGF*TK7000 N N PREVENTION
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Table B-2: TBP Prevention Strategy by Vessel

TBP Feed Control

Vessel Process Feed (P) Prevention or
(S) Sampling
KCA Unit Vessels
KPA*TK7030 P
KCA*TK1000
: KPC*TK4610 P
KPA TK7040
KCA*TK2000 KPC TK4610 P
LGF*DRIP1900
KCA*PREC5000
KCA*FLT7000 - KCA*PREG6000 P
KPC*TK4610
KCA*FURS000 KCA*FLT7000 P
KCA*TK1000
KCA*PRECS5000 ' S
KCA*TK2000
KCA*TK1000
KCA*PREC6000 S
KCA*TK2000
KCD Unit Vessels
v "KCD*TK2000
KCD*EV3000 p
KCD*TK3400
KWG*DMST1300 P (no Path)
KCA*FLT7000 from
KCD*TK1000 p
KCA*TK7430
KCA*TK8410 P (no Path)
KA*TK7010/7020/7030 P
KCD*DRIP1900/3900/7900 P (no Path)
KCD*DRIP6900/1900 S
KCD*TK2000 (overflow) P
KCD*GB4000 (drain) P
KCD*TK1500 KCD*TK4000 P
KCD*TK4100 (overflow) P
KCD*TK7000 P
KCD*TK7500 P
KCD*TK3400 (distillate) P
KCD*TK3210 P
KCD*TK4000 KCD*EV3000 (Concentrate) P
KCD*TK4000
KCD*TK4100 p

KCD*TK3120 (Concentrate)
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TBP Feed Control

Vessel Process Feed (P) Prevention or
(S) Sampling
KCD*TK4100 .
KCD*TK4200 . KCDTTK3400 | VP
KCD*TK6000
~ KCD*TK7000
KPA Unit Vessels
KPA*SET3300
KPA*CLMNB000 KCA*TK1000 P
- KCA*TK2000
KPA*CLMNG580 KPA*CLMNG00Q P
KPA*TK7000 KPA'TKED10 P
KPA*TK6510
KPC Unit Vessels
KPC*EV6000 (drain)
KPC*CLMN2500 P
‘ KPC*TK2820 (reflux)
KPC*EV6000 KPC*EV2000 (distillate) 3]
KPC DRIP4900 P (no Path)
KWG*CLMN1000 P (no Path)
KWG*CLMN2000 P (no Path)
KWD*TK4000 P (no Path)
KCD*TK7500 P
KPC*TK9100 S
KPC TK1000 KPC*DRIP1900 . s
' KDD*TK3500 P (Pre-TBP)
KPC*CLMN2500 P
. KPC*TK4500 P
KPC*TK4000 P
KPC*CLMN2500 P
KPC*TK5500/5000 P
v KWD Unit Vessels
KWD*TK4010 KPB*TK3000 P
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_ TBP Feed Control
Vessel - Process Feed (P) Prevention or
: (S) Sampling
LGF Unit Vessels
Lab glove boxes
(Aqueous)
LGF*TK1700 .
LGF*TK1000 LGF*DRIP1900 P
' LGF*TK2000 ’
LGF*TK5000
LGF*TK1000
Lab glove boxes
LGF*TK4008 (Aqueous) P
LGF*TK5000 p
LGF*TK5000 LGF*TK4000
LGF TK6000 LGFTTKS000 ) P
LGF*TK7000 '
LGF*TK7000 LGF*TK6000 P

Soufce . Shaw Areva-MOX Services: Nuclear Safety Evaluation of Facility Explosion Events for
MOX Fuel Fabrication, DCS01-AAS-DS-ANS-H-38390-2, page 173 of 518
Section 7.2.7, EXPO7. :
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'APPENDIX C
Official Use Only

Response to the Review Comments
by Dr. Dana Powers

On

Risk Assessment of Red Oil Excursions
in the MOX Facility

' BNL Draft Report BNL-MOX-2008-001
December 2008

V. Mubayi, BNL
W.A. Mukaddam, CCTI
M.A. Azarm, ISL

February 27, 2009
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We thank Dr. Dana Powers (DP) for his review of the BNL report and deeply appreciate the
many incisive comments and suggestions he has made. DP has raised a number of interesting,
fundamental questions that bring into sharp relief some of the limitations of the BNL study. His
exhaustive review of every chapter also throws up.some errors of omission and commission in
our write-up, which we acknowledge and are glad to correct to the extent possible. Our
response to the comments is in-two parts. The introductory part deals with the limitations of our
study as related to the scope of work we undertook to perform, while the second part responds
to each of the detailed chapter comments.

Introductory Response

1.

DP raises a fundamental issue: “we don’t know what red oil really is” and goes on to
comment “that the real cause of red oil events remains unknown...” The red oil event is
an explosive event but there is a whole range of explosive.events that can occur at
various temperatures in the facility. A number of these events, some of which can occur
at temperatures much lower than what has hitherto been generally understood. as the
temperature range for the runaway reaction known as a red oil excursion, have been
analyzed by the applicant in the ISA Summary. They include the following: hydrogen
explosions, radiolysis induced explosions, hydrogen peroxide explosions, HAN events,
solvent explosions,-etc. in addition to what the applicant terms and defines as the TBP-
Nitrate (Red Oil) explosion. In terms of the conditions under which the red oil excursion
has traditionally been defined to take place (e.g. in the Defense Nuclear Facilities Safety
Board report as well as by the applicant in the ISA Summary), it occurs mainly at the
upper end of the range of temperatures encountered in the facility. We acknowledge
that the red oil reaction analyzed in the BNL report is focused on TBP-nitrate thermal
reactions. We understand that such reactions occur continuously over a very wide
temperature range but the reaction rates are generally low at lower temperatures and
the normal heat transfer and venting provided appear adequate. The Tomsk
experience, which has been specifically referred to and taken into account by the
applicant in the revised red oil strategy, demonstrated that active heat removal
processes were already needed at temperatures in the 80 C range; the applicant has
tried to provide these through evaporative cooling and adequate venting. Our limited
risk assessment was to attempt to erect a simple PRA framework to model: (1) the
failure of the evaporative cooling strategy in selected process vessels and (2) the failure
of the TBP prevention strategy, through formation of emulsions, third phase, rag layer,
etc. The latter failures of course overwhelm evaporative cooling but they involve multiple
failures of controls. In effect, what DP appears to be asking for is a more complete risk
assessment to model the impact of many uncertainties in the process chemistry on the
red oil phenomenon. Our charter was more limited.

DP raises another basic issue: the importance of radiolytic processes as contributing not
only to the heat up of vessel contents but, more importantly, to the formation of reactive
chemical species. He indicates that “hydrocarbon radiolysis has not received the
attention that has been devoted to water radiolysis.” We acknowledge that our study was
very limited in that respect. The applicant looked at radiolysis caused explosions in the
ISA Summary but that analysis was limited to water radiolysis only, i.e., the generation
of hydrogen and explosive H, concentrations in various AP processes, and a listing of
the various controls designed to limit or control H, generation. A larger study including
the radiolysis of hydrocarbons and its possible impact on the creation of reactive
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“chemical species would have involved a much larger effort than what was possible

under the task assigned.

The interest in the study expressed by DP as revealed by his comments and the
guidance offered to BNL by the NRC (particularly NMSS reviewers) were different. DP
appears to look at this study as erecting a basic framework that can then be employed to
do more detailed work on the numerous uncertainties that surround the issue of red oil in
the context of assessing the viability of the strategies-employed to deal with it by the
MOX facility, e.g., the impact of radiolytic processes on the formation of reactive species
that can then influence red oil decomposition, efc. The guidance from the NRC, on the
other hand, was directed more at helping staff to resolve issues pertaining to the
prevention of red oil excursions in a risk-informed manner based on the applicant’s
design, i.e. is the facility safe enough as far as red oil is concerned? Our study was
directed more at the latter definition of the issue. We accepted broadly the
characterization of the red oil phenomenon developed by the applicant and then ftried to
assess, within a probabilistic framework, to what extent the strategies offered by the
applicant were successful in meeting the challenge. DP would probably have us do
something different, which is extremely interesting and challenging in its own right but
will take additional time and effort.

Detailed Response to Comments

1.

The authors have taken on a formidable task with limited resources in time if nothing
else. In this regard they have assembled a formidable amount of material and applied a
weallth of thought to the issue of ‘red oil’ events in the processing of fuel. Certainly, they
have clarified positions in a proposed process stream where red oil events can take
place. Most importantly, despite great uncertainties in probabilities, they have used a
method that identifies the most critical safety systems employed in the process to
prevent or mitigate red oil events. The application of risk methods to reprocessing
technology is pioneering. This aspect of the work deserves more emphasis in the
document and is certainly the greatest strength of the work. There is much that can be
built upon in this first effort to apply risk methods. Criticisms presented below ought not
take away from what is a monumental effort that does much to contribute to the safety
assessment of mixed oxide processing facilities.

We fully appreciate DP’s deep understanding of the PRA concept and the challenges we
faced in conducting the first of a kind PRA for fuel process facilities with very limited data
and experience as well as uncertainty in the knowledge of the processes being
analyzed. We do agree this is just the start of a technical discipline that has much room
fo grow. : '

A central issue that permeates the entire effort is that we do not know what red oil really”

is. The authors seem to be aware of this when, on page 3-7 and continuing to page 3-8,
they note the effects of irradiation and the low temperature onset of the Tomsk event.
Still much of the report follows the application contention that the red oil event is the
result of strictly thermal reactions between tributyl phosphate and nitric acid. To be sure,
tributyl phosphate and concentrated nitric acid can form adducts that decompose
exothermically. it is not apparent that these adducts are indeed the cause of the
dramatic, explosive events that have occurred in fuel process facilities. indeed, there is a
substantial body of opinion that radiolytic decomposition of tributyl phosphate, perhaps
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also involving the organic solvent lead to the product that decomposes so explosively.
Most events in the past have taken place in locations where an accumulation of
radiolytic products could be expected. In this regard, the authors may want to include
radiation dose rates among the variables such as temperature, concentration and
residence time that they use to screen processes for susceptibility to red oil phenomena
- both formation and decomposition. | think the document needs t6 emphasize that the
real cause of red oil events remains unknown and that this mandates a significant
attention to safety margins and perhaps defense in depth. This uncertainty in cause
contrasts sharply with issue of criticality events where causes are well understood and
targeted strategies and double contingency principles have worked well to prevent
events from occurring.

Comments on most of this have been provided in the introductory response, however, as
suggested by DP, we will include radiation dose explicitly as another variable that can
affect red oil excursions.

Consequences of the possibility that alternative scenarios for production of explosive
byproducts need to be considered. One comforting feature of the proposed system is
that dose rates are not expected to be especially high since the decay rates of
radionuclides involved in the process are not especially high. It appears that the
applicant is taking steps to avoid accumulation of byproduct species. The question
becomes, then, is these steps adequate?

Not only are the decay rates of the radionuclides fairly low, the quantities involved in the.
"MOX facility are also quite small. In the acid recovery system’s first stage evaporafor,
the concentration of Pu and U is in the range of 15 mg/L, and it is approximately the
same in the concentrates tank. While the concentration of Am is significantly higher in’
both vessels at around 3 g/L, this is still at least an order of magnitude lower than the
radionuclide concentration at which alpha radiolysis studies have been done in the past
(e.g., the ORNL report “Alpha Radiolysis and Other Factors Affecting Hydrolysis of
Tributyl Phosphate, ORNL/TM-9565, June 1985). However, more work may need to be
done to adequately treat the issue of radiolytic dissociation of organic compounds.

The authors have undertaken an assessment of risk which they define as the product of
event probabilities and event consequences. The authors are chalienged by the
definition of consequences of red oil events. There is not a clear definition of the
consequences of interest. The proposed facility located as it is on a large government
reservation is isolated from what would be generally recognized as “the public”. This
isolation is neutralized some by the regulatory classification of employees at the
Savannah River Site but not associated with the process facility as members of the
public. Still, it is not evident that an explosive release would distribute enough
radioactive material to constitute an unmanageable threat even to this population of the
co-located workforce. It appears, then, to be the threat to the workforce associated with
the facility that is the main consequence of interest. This has always been a challenge
for analysis since those most at threat may or may not be positioned sufficiently close to
the site of an explosive event to suffer any consequences from radiation release. Within
the chemical process industry it has become common to use societal measures of event
consequences rather than individual consequence measures because of the
uncertainties -in emplioyee locations at the time of events. That is, the individual
consequences delineated on page 2-2 might be better replaced with societal expectation
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values. Even with the individual dose criteria for consequences, it is not clear that all red
oil events are equal in the various locations identified in the document.

The applicant assumes that the consequence of a red oil excursion, radiological or

‘chemical, is “High” for the facility worker. Hence, by the performance criteria of Part

70.61 the likelihood of a red oil event has to be made Highly Unlikely. The same
approach has been adopted in this study; with the information available, it would have
been impractical to evaluate radiological doses or chemical exposures to facility workers
in the proximity of various process equipment cells where a red oil event could
conceivably occur.

Certainly, it would seem likely that inventories of radionuclides available for dispersal by

“an explosive event would differ significantly. No account is. made of the potential

consequences associated with the scenarios suggested in the document. With these
introductory comments, it is possible to proceed to the details on the document. The first
chapter is introductory in nature and presumes some general familiarity with the history
of red oil events. The second chapter discusses the safety strategy developed by the
NRC regulatory process. It probably is not useful to comment on either of these chapters
except to say they provide an adequate introduction to the rest of the document.

Chapter 3: The Red Oil Phenomenon

6.

It might be useful in Section 3. 1 to note that the materials involved in the Tomsk event
had somewhat different chemistry than the process chemistry that has been used in the
USA and the process chemistry that is proposed for the MOX facility.

We will try to include, as suggested, some additional references to the TOmsk event.

A reference is needed for the nitric acid/water azeotrope in section 3.2.

This will be provided.

The diagram in figure 3-1 specifically neglects radiation dose as a contributor to the

formation of red oil. | think this can be misleading. One misleading comment arises
immediately following where it is asserted that contact between the solvent or diluent, in

‘this case hydrogenated propylene tetramer, cannot lead to the formation of explosive

compounds. This may be true for an idealized system, but radiolytic processes can
intrude. Hydrocarbon radiolysis has not received the attention that has been devoted to
water radiolysis. Hydrocarbons can still undergo reactions including the formation of
unsaturated and even oxygenated species. There does not appear to be abundant data
for the diluent to be used here, there are data for diluents used in the past. Most
troublesome is the radiolytic formation of alkenes that can subsequently react with
radiolytic species such as ozone or peroxide.

Radiation dose will be mentioned and briefly discussed in the revised report. As noted in
the Introduction, the analysis of the formation of chemical species by radiolysis of
hydrocarbons will greatly enlarge the scope and level of effort necessitating a significant
amount of additional work.
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I do not understand the dependencies listed at the bottom of page 3-2. It appears to me
that knowing the rate of formation and the length of exposure is enough to know the
amount of red oil that has formed. The total material does not seem to be material
unless the rate of formation is meant in -some sort of rate per unit volume or per unit
surface area. It might be noted that the rate of formation need not be constant. There
may be some induction period before reactions can take place that lead to red oil
formation. | think the authors know what they mean here, but they need to be a little

more disciplined in their language.
The write-up will be checked and more disciplined language will be used.

The report quotes the Defense Nuclear Facility Safety Board in noting that temperatures
below 130°C are often quoted as sufficient to protect against the explosive
decomposition of red oil. It is not evident how well founded this statement is nor is it
immediately clear that Tomsk does not stand as a clear counterpoint to this assertion. -

A clarification will be added in the revision.

Equation 1 is offered as a rate expression. No source is associated with this rate
expression and the document does not provide any substantiation for the rate
expression. (I do note that the agency generally prefers Sl units for this sort of an
expression rather than using 1.9872 cal per mole-K as the value of the gas constant!
The document uses a variety of unit systems at various locations. Though this does not
really detract from the reading, it is not a good practice.). The rate expression is
remarkable in that there is no dependence on the organic phase concentration or
contact area. Apparently, the reaction to form red oil is believed to be a homogenous

process.
Equation 1 will be clarified and converted to Sl units.

On pages 3-3 and 3-4 some decomposition reactions are cited. No radiolytic reactions
are cited and butanol is susceptible to radiolytic decomposition in a variety of ways. The
assumption being made here is that the red oil phenomenon is associated with a thermal
formation and decomposition of some simple adduct. This is not known. One can readily
imagine that radiolytic process lead to the formation and accumulation of species such
as organic peroxide or ozonides. Such species are known and are known to decompose
explosive by free radical chain reactions. Formation of such species is not inconsistent
with the empirical observation that red oil events appear associated with long term
exposure to heavily irradiated mixtures of organic and concentrated nitric acid.
Decompaosition of such species could be accelerated under suitable conditions such that
neither venting nor evaporative cooling could respond sufficiently to prevent damage and

perhaps dispersal.

As stated before, radiolytic dissociation of organics to form new reactive species was not
studied in the BNL report. It will require significant additional time and effort.

There .is a change of nomenclature that is probably just typographic in equation (2)
where (C4H9)3P04 appears rather than the more familiar (C4H90)3PO.

This will be corrected.
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On page 3-5 there is a reference needed for the heat of vaporization of butanol.

This will be provided.

| have absolutely no idea what the rate constant attributed to Paddelford and Fauske
really is. On the face of the words in the text, the rate expression would be a 15.4™ order
reaction! | think that one needs to write the rate expression here rather than just the rate

“constant” since reaction (2) is obviously not elementary. Even with the rate expression,

because the reaction is not elementary, there are some very tight constraints on where
the rate expression would be applicable. :

_ This will be clarified and re-stated to remove the ambiguity in the current write-up.

Page 3-6 states that the amount of organics is expected to be low because solubilities in
weak acid are low. This certainly is not true of either butanol or butylnitrate as shown on
early pages in connection with the decomposition of tributyl phosphate. Both these
organics have very high solubilities in water. It also seems to discount the possibility of

-emulsions forming the entrain micelles .of organic in water or water in organic.

Emulsions can be amazingly stable and can provide a means to avoid segregation of
organic and aqueous phases. Radiolytic processes can lead to substitutions on long
chain hydrocarbons that are conducive to the formation of emulsions.

The organics here refer to TBP and the solubility of TBP in weak acid is low. This will be
clarified. Emulsion formation is explicitly discussed and is analyzed later as a
phenomenon that can potentially defeat the preventive strategy of the applicant.
However, the possible impact of radiolytic processes on emulsion formation has not

been discussed.

On page 3-6, a reference is needed for the comment “...as reported elsewhere..”. The -
entire discussion is a bit confusing since gases do not really enter into any of the
reactions discussed to this point except as products. Increasing their concentration in the

"liquid by pressurization is not going to speed up the reaction rate. The “...kinetic

features of the thermochemical degradation...” is not a readily interpreted statement. |
think the authors simply mean a thermal degradation and that they discount any catalytic
processes or chain reaction processes being involved for reasons that are not stated. At
the bottom of the page is a tortured discussion of the possibility of thermal runaway that
is not entirely accurate. If the rate at which the reaction accelerates with increases in
temperature exceed the rate at which heat losses increase with increases in

temperature, one will get runaway.

The discussion on p. 3-6 is about vent size and the so-called Fauske criterion. Back
pressure will increase temperature and consequently the reaction rate for a.certain
vessel volume. Perhaps the discussion of the thermal runaway from the results of the
paper by Nazin et al is a bit tortured and can be simplified as suggested by DP.

A significant error is perpetuated by table 3-1 and the surrounding discussion. The red
oil decomposition reaction is an exothermic reaction. There is no “onset temperature” for
the reaction. It occurs at all temperatures. The rate may be too slow to detect at iow
temperatures, but the reaction is still occurring. Any onset temperature is dependent on
the ability to remove heat from the system caused by the reaction. One could easily
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design configurations of limited heat loss and see “onset” of the exothermic reaction at
almost any temperature where liquids still exist.

Table 3-1 is reproduced verbatim from the Nazin paper; the word “onset” is simply
analogous to a point of inflection on the pressure and temperature time history curves;
maybe a more suitable word can be used to clarify it. There is no intent to suggest that
the reaction does not occur at lower temperatures.

At the conclusion of page 3-7, the authors acknowledge radiation may play a role but
they do so in a way that seems to suggest that only the heating from radiation is
important. They do not seem to want to consider that reactions of radiolytically produced
species leads to red oil formation.

DP is right to remark that reactions of radlolyt/cally produced species were not
considered, it will take significant additional resources and time.

A reference is needed for the work of Tashiro cited on page 3-8.

This reference was provided in a report that the authors could only see in AREVA’s
offices in Bethesda but not copy. We will ask NRC to help us retrieve it.

Reference 3-3 is mcomplete in the list of references.

Th/s will be provided.

Chapter 4: Red Oil Safety strategy in the CAR and the License
Application

22.

This chapter is more a recitation of the license contentions. | provide some limited
comments. First among these is that simply assuring that the rate of heat loss exceeds

~ the rate of heat generation is not sufficient to provide safety. One needs to assure that

the increase in the rate of heat generation with an increase in temperature does not
exceed the increase in heat loss rate with temperature. To do otherwise risks
fluctuations in rates leading to runaway reactions.

The strategy appears to be based on the idea that adducts formed by thermal reactions
of tributyl phosphate with nitric acid are the cause of red oil events. The reaction process
to be dealt with then is simply a thermal decomposition. There is is no proof that this is
the case for the process considered here or for the events that have taken place in the
past. For example, peroxides and the like could be responsible. The reactions of these
species can progress autocatalytically and there will simply be no time for evaporative
cooling to quench the reaction. Would evaporative cooling work if TNT were floating
through the system? The applicant is defining a benign process for formation and

-decomposition and then arguing that a benign mitigative strategy will suffice without ever

showing that the reactants are in fact the hazardous species.

Much of the available literature does seem to suggest that red oil phenomenon is a
thermal decomposition; maybe there is no proof that this is solely what happened in past
events but by the same token it is also problematic to argue that peroxides could be
responsible. The argument made by DP in this and subsequent paragraphs seems to
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suggest that neither prevention nor mitigation via evaporative cooling can be
demonstrated to work since there is a great deal of uncertainty about the chemistry of
the process. We agree that there probably is a fair amount of uncertainty in the process
chemistry but our scope of work was limited.

The challenge raised by the revised approach based on prevention is that it relies
heavily on compliance with administrative controls (Enhanced Administrative Controls as
discussed on page 4-5). Violation of the controls are errors of commission and these are
quite difficult to analyze in a risk framework. This poses a challenge to the analysis
proposed in this document that really is never addressed. Errors are treated W|th|n a
context of omission and not commission.

While admm/strat/ve controls are one element of the control strategy, there are
numerous active engineered controls also, so it is perhaps an overstatement to say that
prevention relies *heavily” on administrative controls.

A mystery emerges in the design of controls. Arguments made within Chapter 3 show

that ‘carryover of organic with the aqueous phase is to be minimized. Emulsions are a
mechanism for carryover, but there appears to be no steps taken to assure
emulsification does not occur.

The numerous pulsed extraction columns in some process units, in particular the
purification unit where the first extraction process takes place, are a means of reducing
the likelihood of stable emulsions being formed in the extraction process or of breaking
up emulsions if they do form. However, emulsification as an initiator of red oil has been
analyzed in the report.

Venting sizes adopted by the licensee may be widely used, but they do not assure red

~ oil explosions will not occur. We only know that when adequate vents have been used

along with any number of other measures to avoid red oil events, we haven't had any
events. All we really know is that smaller vents available where red oil events have taken
place were not adequate

The report points out that there is uncertainty regarding vent sizes available in the
context of the red oil excursion.

| can find no basis for the confidence that the amount of TBP carried over to the KPC
unit is limited to 50 grams per liter (page 4-10). This limit seems to be based on solubility
and neglects both entrainment and emulsification.

This amount of carryover based on solubility is during normal operation; the report
analyzes scenarios where entrainment, emulsification, and formation of a third phase
could cause this limit to be grossly exceeded. Incidentally, during the site visit the BNL
team was informed by the applicant that 30 years of French experience have
demonstrated that the amount of carryover in normal operation is around 20 gm/l; but
since this information was anecdotal it has not been used in our assessment.

| should not think that a flash point check is adequate to show the diluent is not

accumulating radiolytic decomposition products that would influence red oil formation.
For example, alkene formation followed by epoxy formation and decomposition to
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produce long-chain hydrocarbons could produce surface active agents that influence
emulsification.

As noted earlier, we did not look at radiolytic decomposition.

Chapter 5: MOX Facility Operations Risk Ranking

28.

29.

30.

31.

This portion of the study looks at risks of red oil events in process streams. It specifically
excludes initiations caused by fire heating solutions over administrative limits or seismic
events mixing solutions that ought to be kept separated. That is, only process events
that occur despite the precautions are to be considered. This seems a reasonable
restriction of scope to take given that this is but one element of a larger effort to assess
the safety of the proposed process facility.

We agree that global initiators such as internal fires, external hazards like seismic
events, and loss of power/station blackout events need to be evaluated, however, the
scope of the effort was limited in that respect.

A more bothersome aspect of the study is that it neglects shutdown events in which
there is a failure to purge the process lines. This has been a remarkably common event
in many Department of Energy facilities. Protracted shutdowns are mandated because of
changes in policy or some misadventure with in the Department of Energy. For the MOX
facility shutdown could occur because of interruptions in the supply of feed. When there
has been shutdown and improper layup of a facility (commonly none at all!), the recovery
often does not go smoothly. Especially with radioactive feeds stored in the lines, strange
and often obnoxious chemical species begin to form and accumulate. Temporary
shutdowns that can go on for months may pose hazards. that are not obvious from the
flow sheets of a process stream. '

We .agree on the importance of looking at process shutdowns and subsequent start-ups.
The impact of the failure of the six-monthly flush out of some process vessels on red oil
excursions was evaluated but a global study of potent/a/ shutdown failures was not
carried out due to resource limitations.

For the analysis, eight units are considered:

KPA - purification cycle unit

KPB - solvent recovery unit

KCA - Oxalic Precipitation and Oxidation Unit
KCD - Oxalic Mother Liquor Recovery Unit
KPC - Acid Recovery Unit

KWD - Agueous Waste Reception

KWS - Sovent Waste Reception

LGF - Laboratory Liquid Waste Receipt

Figures 5-1 and 5-2 are essentially unreadable. Much of this chapter is simple

description of the process and does not call for much in the nature of comment. | do

comment that:

- evidence that tributyl phosphate solubility in nitric acid is not susceptible to either
“salting out” or “salting in” is not provided. Without this information solubilities
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listed in Table 5-1 cannot be considered applicable to the process stream in
question.

- the description of the processes notes formation of what is termed a “rag” layer
which is apparently an emuisification region between two contaminated phases.

- there seems to a confusion between red oil formation and red oil decomposition.

Red oil formation may not require elevated temperatures. Red oil decomposition that
could produce accidents may require temperatures above ambient. | know of nothing in
the literature that demonstrates elevated temperatures are required for formation of
energetic reactants. Certainly elevated temperatures are not required if the energetic
materials are the products of radiolytic reactions. Consequently, 1 think it incorrect when
it says on page 5-5 in connection with PULS 2000 that “Because-of the relatively low
temperature (ambient), the rate of red oil formation is expected to be very low.”

The Figures were reproduced from the License Application and do not appear to have
reproduced well. We will try to have better copies made. We will take another look at
available data to see if there is information on “salting in” or “salting out”. We thank DP
for alerting us to the possible confusion between red oil formation and decomposition
and will clarify the write-up.

The process descriptions in chapter 5 are punctuated by episodic judgments offered by
the authors on the likelihood of red oil formation and red oil decomposition (Again, there
may be some confusion between formation and decomposition.) These judgments are
based on temperature, residence time and concentrations. There is no mention of dose
as a possible, essential, factor in the formation of red oil. Again, the authors have
adopted the view of the application that red oil formation is a strictly thermal process and
it is not evident that this is a defensible position. In any case, it would make the
document much more readily understood if the segments in which the authors offer their
judgment about the susceptibility of the elements of the flow stream to red oil formation
and decomposition were separated and highlighted.

It is true, as indicated earlier, that we did not consider the impact of radiolysis on red oil
formation and decomposition.

On page 5-5 three terms are introduced that are not self defined: “inadequate
coalescence,” “flooding,” and “formation of a third phase.” | believe the authors
eventually discuss these - page 5-29. They need to provide the reader some assurance
that the terms will be defined and may want to consider introducing these terms earlier in
perhaps Chapter 4.

These terms will be defined before they are mentioned.

On page 5-6 the authors assume as does the applicant that red oil is formed by reaction
with tributyl phosphate or one of its decompaosition products. The hydrocarbon diluent is
not involved. Certainly, one would not expect the hydrocarbon to be involved if one were
confident that red oil formation is a thermal process. The possibility that red oil is the
product of reactions with radiolysis products brings the hydrocarbon back into
consideration. One can readily imagine radiolytic formation of alkenes and reaction of
ozone or peroxide from solution to form orgamc ozonldes or peroxides that are
susceptible to explosive decomposition.
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See attachment for the response.

Mention is made of quality of hydrocarbon quality. The measurement of bromine number
is undertaken, on presumes, to detect the formation of alkenes probably by radiolytic
processes. The concern is that reactive species can add across double bonds - notably
ozone and peroxide produced in water radiolysis can add across double bonds to
produce species that undergo complex and often energetic reactions. See for example
the complex mechanisms associated with Criegee intermediates in the ozonation of oleic
acid. Why is it assured that analogous species do not contribute to the Red Oil problem?

See attachment for the response.

On page 5-7 the question arises on whether aluminum nitrate will cause tributyl

- phosphate to salt out of solution or salt in. Whereas usually electrolytes cause salting out

of nonelectrolytes, it is not unheard of for some salts to cause salting in. Borates for
example can cause salting in of nonelectrolytes in aqueous solution.

We did not consider this possibility.

Page 5-10 includes a mention of intermittent feeds causing mixing of light and heavy
phases. This leads to the possibility of carryover. Is this possibility included in the risk
analysis? Is the probability susceptible to quantitative analysis? Table 5-1 is a bit of a
mystery to me. The solubility of TBP in water is not so much the issue as is the
partitioning of TBP from the organic phase to the aqueous phase. Why are not
solubilities and partitioning of DBP and MBP of equal interest and also merit tables in the
report? Incomplete draining is mentioned on page 5-14, but it is not clear to me how this
was recognized in the risk assessment. It is argued on page 5-15 that the aggressive
conditions in EV 6000 assure the rate of destruction of TBP is greater than the possible
rate of accumulation. The risk of Red Oil, it is argued, is mitigated. But, if the reactions of
the products of TBP decomposition with nitric acid are responsible for Red Oil, is the
argument misplaced? -

The possibility of carryover is included in the risk analysis. Chapter 6 provides a
discussion of the probabilities that were assigned. Table 5.1 was generated from a
combination of two sets of data: (1) the solubility of TBP in water and (2) a correction for
the solubility of TBP in various acid concentrations. Note that this is in the absence of
an organic phase in contact with the aqueous phase. If then one adds an organic
solvent, e.g. a TBP/HPT mixture with 30% TBP, a portion of the TBP would be extracted
from the acid phase to the organic phase if the partition coefficient of TBP favors the
organic phase. That is indeed the case.

From the data that were readily available to us, the TBP partition coefficient defined as:
[weight concentration of TBP in the organic phase/weight concentration of TBP in the
aqueous phase] is greater than 10. For example, in 2M HNO; at 20° C in contact with
TBP + Hyfrane (trade name for HPT) mixture, the partition coefficients ranged from 10 to
100 (Germain, M. and Pluot, P., Proc. Inst. Solvent Extraction Conf., 1980, Vol. 3, Leige,
Belgium, 1980, pp 80-218, cited in Science and Technology of TBP, op. cit. Ref. 5-4 in
the draft BNL report). Thus, in effect, the solubilities shown in Table 5.1 appear to be
the bounding condition for the amount of TBP in the aqueous phase.
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We should mention that we do not have partition coefficient data for a range of HNO;
concentrations. We have assumed from our reading on the subject that it would not be
less than 1.0. The applicant may have actual data for the conditions used in the
process.

The source of DBP and MBP in the aqueous phase depends on their concentration in
the organic phase. For two reasons, we believe that to assume that all organic species
are TBP is a reasonable assumption. (1) TBP is a fairly stable compound (thus its
extensive use in extraction of metals from nitric and phosphoric acids); the rate of its
hydrolysis is slow and the extent of hydrolysis'is not significant under most operating
conditions. -However, despite the slow rate of hydrolysis, DBP and MBP would
accumulate in the solvent phase if it were not continuously removed. The process has a
solvent treatment section where the organic phase is continuously treated to remove
these degradation products. The accumulation of these compounds is monitored due to
its deleterious effect on the extraction performance. (2) We believe (although we need to
check this further) that the energy release from TBP decomposition is greater than that
from its degradation products.

The risk of red oil excursions in EV 6000 is treated in more detail in Chapter 6.

The significance of the equation on page 5-18 is not immediately apparent. It appears to
only serve to define the meaning of a heat transfer coefficient. It certainly does not
elucidate the relative importances of steam side and porous side heat transfer
coefficients which seems to be the point in the text. Some sort of serial heat transfer rate
would better serve the purposes of the text.

This will be clarified in the rewrite.

The mention of “...numerous recoded incidences ... on page 5-19 needs a reference.
Also on page 5-19, it is not clear how uncertainty in the draw off from the evaporator has
figured in the assessment of risk.

The reference will be supplied.

On page 5-20, the catalysis by manganese ions needs a reference.

This is taken from the applicant’s process description in the License Applic:ation (see
page 11.2.11-4).

The siab settler (page 5-24) does not assure that the aqueous phase is organic free if

-TBP and its decomposition products can partition from the light organic phase to the

heavier aqueous phase.

The objective of the slab settler is to minimize the presence of non-soluble TBP in the -
aqueous phase. The possibility of its failing to do so and the extent of the failure is
analyzed in the risk assessment in Chap 6.

Also on page 5-24, the assertion that a red oil event is “inevitable” in the evaporator if
sufficient organic material is present seems a bit strong.

A suitable word change will be made in the rewrite.
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Figure 5-8 is essentially unreadable. If you puzzle out the figure, it really does not help to
understand the equation. Terms need to be better defined in the equation. Table 5-2 is
a mystery. What are the cases being examined here?

The figure will be made clearer and the equation will be clarified. Table 5-2 shows the
range of densities of the aqueous and organic phases in relation to the height of the
interface over which the slab settler will continue to work, i.e., the seals will remain intact
as long as the densities remain in the range considered. The analysis is limited as it is a
static head analysis, which assumes equilibrium is reached to allow the phases to
separate. However, emulsification, rag layer formation, etc. will tend to defeat the
normal operation of the settler and these possibilities are examined in Chap 6.

The use of hydrogenated propylene tetramer rather than the usual normal paraffinic
hydrocarbon is lauded on page 5-28, but | have no information on the enhanced stability
of this tetramer especially in a radiation field.

We do not have information or data on the stability of HPT under radiation. However, as
far as chemical stability is concerned, no double bond and pure components make HPT
much more stable compared, for example, to kerosene.

Also, on page 5-28, the authors bring up the important point of degradation and fouling

of equipment in the process units. These are very difficult things to include in a risk .
assessment. They make the probabilities time dependent. How did the authors-tackle

this headache that is usually neglected in risk analyses for power reactors?

This is a very important issue and we are very glad that DP has mentioned it. We

recognize that fundamental improvements to conventional PRA methods are needed in
several areas, like, for example, in the treatment of time dependent failures. A proposal
to this effect was submitted by BNL to NRC over two years ago as part of
methodological improvements needed in the PRA of nuclear-chemical facilities when the
first study of red oil excursions in the CAR design of the MOX facility was conducted.

| am surprised that incomplete draining mentioned at several points in the text is not
included in the list of conditions on page 5-29.

We thank DP for drawing our attention to this. It will be included in the rewrite of the
report.

Under item 4 on page 5-29, the term “high steam coefficients” is used. The meaning is
not clear. | suspect that the authors mean the high convective heat transfer coefficients
on the steam side. They should make the terminology clear.

It will be clarified in the rewrite.

Chapter 6: Red Oil Safety Strategy - An Overview

48.

Chapter 6 begins with a description of the applicants proposed safety strategy predicted
as it is on the belief that red oil formation is a thermal process and that the
decomposition rate is neither autocatalytic nor a chain reaction. There does appear to be
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some confusion in the text between red oil formation and the decomposition of the red

- oil. | have not flagged every point where there appears to be this confusion. The authors

may want to re-examine the text to assure that the reader does not become confused by
the separate issues of red oil formation and decomposition.

The text will be re-examined to make sure that red oil decomposition and formation are
not used interchangeably. We think the question mostly applies to the wording used in
describing the heat transfer strategy, where the process described is mainly a steady
state thermal balance at a fairly low temperature (close to ambient temperature).

The “semi-empirical model” mentioned on page 6-2 is not further referenced. What is it?
Is it the same as the semi-empirical model mentioned on page 6-7 and otherwise not
further described? This model appears to be based on a hypothesis concerning the
nature of red oil that has not been validated. All we really know is that the model applies

- to a species in the system that can be decomposed exothermically. We do not know that

this energetic species is what was responsible for the red oil accidents at fuel
reprocessing facilities.

The semi empirical model in page 6-2 is the same aé the one in page 6-7. It is

. referenced in a descriptive and qualitative manner in the applicant’s ISA Summary. Our
‘'own limited understanding of what this model is is with regard to the success criteria for

evaporative cooling mentioned on page 6-7 and referenced in Ref. 3-12 in Chapter 3.
DP’s point regarding the uncertain and varied nature of the red oil reaction is well taken.
We have focused on the traditional definition of the red oil excursion due to a runaway
reaction of TBP with nitric acid. As pointed out earlier, we did not undertake any
systematic assessment of the radiolytic dissociation processes that could be involved as
well as some other chemical degradation mechanisms, perhaps wrongly so, because of
the following assumptions: '

o The dose rates invd[ved in this facility are expected to be much lower than other
- facilities where exothermic explosive events attributed to red oil have been .
observed at a lower temperature.

. The regular flushing of the vessels, sampling/analyzing, and use of fresh
diluents.
) The catalytic effect of plutonium, uranium, and zirconium was considered in the

semi-empirical model constructed by the applicant.

Some of these issues were discussed verbally and albeit informally with the applicant
during the first and only site visit back in early June of 2008; however any independent
assessment was considered far beyond the scope of the PRA.

It is not clear when in the system situations arise in which there is TBP phase but no
hydrocarbon solvent. It is then not clear when the four conditions listed on page 6-7 are
applicable.

The conditions are applicable for cases where either no HTP or only a very little amount *
of HTP is expected. These conditions are mainly used for analyzing the evaporative
cooling strategy for vessels such as evaporators. Note that as stated in page -.8, “IROFS
density controls in the KPC buffer tank therefore would detect HTP and prevent HTP
from passing downstream...”. So, under normal conditions, we do not expect HTP be

present in any significant amount. Under a severe upset condition, the PRA does‘ not
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really credit evaporative cooling and the sequences usually contain only the failure of
prevention strategy and the occurrence of the initiator.

Why is not failure to flush systems every 6 months not included in the list on page 6-8?

DP is correct, it should be included. It is a 'necessary condition for evaporative cooling to
work. We will explicitly add it in the final report.

On page 6-10 there is a discussion of the applicants plans to flush the KPC every 6
months. The technical basis of the time interval for flushing is unclear to me and is not
discussed in the document. One would have expected the schedule for flushing would
be augmented by some positive indicator of the need for more frequent flushing’
especially since different types of feeds will be used in the proposed system. There are,
then, two possible scenarios: .

- flash does not occur per the schedule

- the schedule for flushing the system is inadequate and flush is needed prior to

the schedule.
It appears that the authors have only considered the first of these possible scenarios.

The six month time interval is based on limiting the normal accumulation of TBP in any
vessel in KPC below 21 liter as stated in page 6-10, “This strategy is based on the
maximum calculated accumulatlon rate of separate phase TBP which indicates that at
most 21 liters of TBP..

Adequacy of the flushing system is a difficult question since it is not clear what attributes
have to be met to declare the process adequate. For limiting the total amount of TBP the
flush would be adequate under nominal parameters, and if deviations from nominal
operation occur it would be taken into account. However, if the adequacy refers to

~ preventing accumulation of degraded chemicals due to radiolytic, chemical, and thermal
~ processes; this would depend on the sampling, what is being analyzed, and what are the

limits that require actions. The latter has not been investigated by this study. Therefore,
the question of inadequacy from the latter aspect has not been raised in the current
PRA.

At this point the authors begin what is the most significant part of the work. They utilize
event and fault tree methodologies to estimate risk. They are plagued by the lack of data
for event probabilities and they forced to make estimates with fairly broad error bounds
(They might want to remind readers what is meant by error factor in connection with a
lognormal .probability distribution since it is not broadly common nomenclature.) But, a
far more important part of the effort is that they identify dominant cut sets. This allows
them to draw attention to the crucial safety systems among all the systems applied to
prevent or mitigate red oil events. This, | should think, would be the most useful result for
the NRC staff to come from this work. True enough that the dominant cut set may be
affected by the assumed probabilities and the entire analysis is predicated on
accepting the applicants’ hypothesis of the real threat. Still, the ability to know for
each system what is crucial is the first step to the design of a rational defense in depth
strategy that might compensate for unknowns and uncertainties. | should think this
aspect of the work deserves to be far better highlighted in both the executive summary
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and in Chapter 7 rather than the qualitative or quantitative estimates of the likelihood of a
red oil event.

The authors fully agree with the comments and Chapter 7 as well as the executive
summary will be modified to highlight DP’s comments.

Chapter 6 is the real heart of the contribution made by the authors to understanding the
safety of the proposed process facility. It is unfortunate that many of the event trees (see
for example 6-1, 6-2, 6-3, and 6-4) cannot be read by the tired eyes of this reviewer.

BNL will attempt to enlarge the event tree graphs to make them more readable as a part.
of the report update.

It is in chapter 6 that it becomes apparent that the authors are aware very much of the
problems caused by the formation of emulsions. There is not, however, any attempt to
define conditions that are conducive to emulsion formation that may be undetectable to
the proposed instrumentation and administrative controls. Can one identify process
conditions that lead to emulsion formation and should be avoided?

Prevention of emulsification and understanding its contributing causes is an important
engineering and design issue which is worth examining in more detail. In the PRA we
focused on the occurrence of emulsion in an extraction column causing TBP carry over
as an initiator. We also focused on the means to detect inadvertent transfer due to
emulsions and limit the amount by nominal flow rates. The general question of emulsion
prevention was considered outside PRA scope.

On page 6-13, the authors justify the use of one failure a year based on having used this
value before. This really is a weak justification. What one would like to know in the
absence of data or a justified failure rate is whether there is a critical failure rate that
leads to unacceptable risks. '

The one per year frequency was the result of an ad hoc telephone survey of some
chemical processing plants that also use liquid-liquid extraction technology. It can be
used for base case analysis. We can then determine what should be the critical failure
rate that leads to an unacceptable risk via sensitivity analysis. This can be highlighted in
the report.

At some points in chapter 5 and 6 the authors note formation of a third phase — perhaps
a micelular phase dispersed in the liquid. It does not seem to be pursued or further
explained. For example, one can imagine that radiolytic processes lead to formation of
long chain organic alcohols or carboxylic acids that are surface active and can stabilize
globules of solvent containing tributyl phosphate within the aqueous phase. Formation of
emulsifying agents may not be necessary. It is evident that at points in the process we
have small density differences and well mixed conditions. These are necessary
conditions for simple entrainment of the organic phase into the aqueous phase.

There are two different phenomena that may lead to what is generally referred to as the
third phase. The first phenomenon is the result of forming a complex that has a high
density or a peculiar phase diagram. In the MFFF, the applicant has added appropriate
chemical agents to control the well known third phase formation due to an extractant rich
in heavy metals (e.g. the TBP/Pu'complex which is nearly insoluble in HTP). The
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complex may also have a peculiar phase diagram, such that it is below the heavy phase
(because of density) and does not get a chance to get into the lighter phase even though
the partition coefficient may favor it belonging to the organic phase, or it is not soluble in
either phase and thus forms a third phase, which may lie below, in between or above the
two phases depending on its density.

The other phenomenon is emulsion formation. This is what DP seems to refer to.
Degradation products or some other surface active agents (usually ionic agents or long
chain soap-like compounds, amphiphile) may cause micellular formations like soap
does. This phenomenon does not require a large concentration of the agent causing this
to occur. This is what we refer to as emulsion in the report and it can exist as a third
phase between the heavy and light phase.

A potential third phase due to radiolytic processes has not been discussed. Again, we
feel this is beyond the scope of this early pilot PRA.

| do not find a basis for the assertion that the probability of loss of temperature control is
2.2x10%/yr. The estimate intimates that there will be no loss of temperature control over
the lifetime of the facility, which may be true. It does need some justification since loss of
temperature control is not uncommon in process facilities. Usually sensors get corroded.

~ The temperature control for the Hot Water System consists of two independent trains in

hot water environment. It was estimated through fault tree analysis and generic data.
However, the authors have been concerned in some cases about the effect of the harsh
chemical environment on some of the equipment failure rates. To the extent possible we
have tried to use the limited data from the Savannah River site, hoping that some of
these considerations are reflected in the estimated failure rates. An international data
collection and estimation is one of the obvious needs for some of these PRA activities
for fuel cycle facilities.

‘ On page 6-23, the authors conclude that at the azeotrope the 1:1 ratio of tributyl.

phosphate and water exists. This lmphes a 'knowledge of the ternary phase diagram that
should be referenced.

We will Iook further into this comment. From the site visit, we had some preliminary
indications that the applicant has knowledge of the ternary phase diagram but this needs
to be confirmed.

On page 6-29 there is a wonderful result that HEPA plugging and operator error of
commission dominate the TK3000 scenario. This is an example of the power of the
method the authors are employing. It also highlights the inability to deal effectively with
the errors of commission by operators and this inability may deserve mention.

Thanks, we could not have said it any betfter.

‘The authors have done some fairly. heroic Monte Carlo analyses of the scenarios, but

they only report final resuits. | should think that they would want to also show what
estimated probabilities are most crucial to the conclusions that scenario probabilities are
high or low. | should think they would be abie to do this by simple regression analysis
and it would not take the nearly 100, 000 calculations to get meaningful results.
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We will highlight the major contributors to each of the scenarios analyzed as suggested
by DP.

Chapter 7: Summary and Conclusions

62..

63.

64.

My view is that the authors do not highlight their most significant accomplishment in the
Summary. They elect instead to drive to a botiom line assessment of the probability of
red oil events in the process facility. They get to these results only by accepting the
applicants hypothesis for the chemistry of formation of red oil and the nature of red oil
decomposition. They never critically examine this hypothesis or consider the
ramifications of any alternatives. They do not consider radiolytic processes. They do not
consider formation of organic peroxides or ozonides that will not smoothly decompose
following Arrhenius kinetics. There probability estimates are plagued by a very severe
lack of data.

We acknowledge the limitations in our analysis listed by DP: (1) no consideration of the
possible radiolytic dissociation of organic compounds and the formation of new reactive
species, (2) no consideration of the formation of organic peroxides or ozonides (see
Attachment, however, for a discussion of this), and (3) a severe lack of data in
addressing estimates of probability of system and component failures. As indicated in
the introductory response, the analysis was limited by time and resources.

" | think the authors would be better off highlighting the capability they have developed to

identify the crucial safety systems associated with the four most susceptible elements of
the process stream. The pioneering application of probabilistic methods creates a
framework that can be expanded to address a variety of uncertainties in the process
safety. This is a significant accomplishment even predicated as it is on the applicant’s
hypotheses concerning the red oil threat. What it allows is examination of alternatives to
see if these alternative hypotheses will still be detected, prevented or mitigated by the-
proposed safety systems. What happens if micelles form? Can density systems or
sampling detect these micelles? The authors could also highlight the crucial probabilities
for which better values would aid assessment. Are the most important probabilities those
associated with equipment reliability or those associated with operator performance?
Compared to these capabilities, the citation of dubious estimates of upset frequency is
very sterile indeed.

As indicated in the introductory response, we did accept, by and large, the applicant's
hypothesis regarding the threat of a red oil excursion. The PRA was done to assess the
robustness of the applicant’s strategy for dealing with the red oil issue. Additional
discussion will be added as suggested on the relative /mpact of equipment and human
reliability to red oil excurs:ons

This framework the authors have developed, albeit incompletely because resource
limitations, can be used to assess the safety and vulnerabilities of the proposed system.
It can also be used by NRC to design its strategy for monitoring licensee performance
once a system is placed into operation. There are challenges associated with the
framework - some are suggested above. But, this appears to be a framework with
sufficient potential that it is worth addressing the challenges.

We thank DP for these comments.
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Attachment 1

A Note on Chemical Reactions Not Considered in the BNL Study

W.A. Mukaddam, CCTI

Theoretically a large number of chemical reactions, most of them at or below the level of
detection, are possible and indeed take place when two or more chemicals are in contact for
any length of time. However what is relevant to us here is the impact of these reactions on the
process safety. There are two possible effects on safety of reactions and reaction products:
(1) unstable separation and (2) heat generation in the case of exothermic reactions.

We should note that the discussion below is regarding the reviewer's comment about the
chemical reactions and reaction pathways not adequately considered in the report. We agree
with Dr. Powers that radiolysis, as a class of reactions, need to be considered. This writer is not
sufficiently familiar with radiolytic reactions to adequately judge their impact.

Reaction products, even in trace quantities, can unexpectedly cause emulsions to form which
may make phase separation difficult. The BNL team and the applicant have considered this
possibility. The second unanticipated result is heat generation. Heat generation of any
significance, meaning that amount which may exceed normal heat removal, requires relatively
rapid reaction of a significant amount of reactants, and therefore involves major components
and reaction pathways studied extensively, in fact with a specific purpose to determine the
amount of heat that is generated. Hyder (equation 2 in Chapter 3 of the BNL draft report) by
calculating the maximum heat release by stoichiometrically balanced equation of the
predominant chemicals present bounds the problem.’

Trace amounts can also initiate -other reactions that can cause emulsions or generate heat.
However, as we do not address a specific reaction mechanism, this possibility can be lumped
together.in one of the two results we considered above and need not be considered as separate
call of reactions.

TBP and a diluent, usually kerosene, that is much less pure than HPT used here, is used to
purify fertilizer grade phosphoric acid by an extraction process that is similar in many respect to
the process used here. Fertilizer grade phosphoric acid, depending on the source of rock used,
can have a large diversity of ionic impurities. Build up of these impurities in the solvent phase
tends to deteriorate the extraction column performance principally by making separation difficult,
a condition which, if not controlled, can eventually cause emulsions. Typically, a small solvent
bleed is treated with caustic to remove the products of hydrolysis as well as other reactions. In
addition, a small portion of the solvent is continuously taken out of the system to avoid buildup
of chemicals not effectively removed by caustic treatment. The MOX facility has a similar
caustic treatment, however we do not know if there is provision to bleed a portion of the solvent
or replace the total solvent inventory periodically. These two methods will avoid buildup of
reaction products.

The reviewer refers to ozonolysis of perhaps HPT as a source of reactions not considered in the
BNL report. Ozonolysis of oleic acid is referred to as an example. We believe that the
possibility of reactions to any substantive extent involving Criegee intermediate types is not
probable. Oleic acid is industrially cleaved by ozone to two C9 carboxylic acids, palergonic and
azeleic acids. However, this reaction requires an oxidation catalyst (e.g., V,0Os), high ozone
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partial pressure and above ambient temperature (minimum 50° C). More importantly, the
principal difference between oleic acid and HPT is that unlike HPT, which is completely
saturated, oleic acid contains a double bond at the C9 position. Stearic acid which is identical to
oleic acid, except that it is saturated, is not known to undergo similar cleavage. Therefore, we
believe that the use of HPT with very low bromine number is a much better choice than say
commercially available kerosene. In addition, we expect that bromine number of the solvent
system will be monitored to ensure that reactive species are controlied.

"There is one possible, though highly unlikely scenario that may exceed Hyder's heat release results. Say a series of
low level endothermic reactions take place at various parts of the plant building up unknown chemicals. This is in
essence equivalent to building potential energy in chemicals. These then oxidize to form water and CO2. The heat
generated in this unlikely scenario can be larger than what Hyder calculates.
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